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After a brief discussion of the general approach on 
which the thesis is based, some properties of time series 
data are presentede It is argued that these properties, 
together with certain assumptions, permit inferences from 
temporel patterning of data to underlying constructs, 


without the need for specific, a priori hypothesese 


The apparatus used in this study included a large cage 
designed to record several types of behaviour of a rat, and 
equipment which permitted automatic recording of which types 
of behaviour had occurred in ten-second intervals throughout 
ie day for extended periods of timee Each of two rats 
spent several weeks in the cagee The statistics calculated 
include: the total number of responses of each animal on 
each variable; the total number of responses for each day 
for each variable for each animal; the average across days 
of the number of responses within successive 15-minute 
intervals of the day, for each variable for each animal; the 
lagged correlations for each pair of variables, for lags 
from zero to eight days; the lagged conditional probability 
of each variable given each other, and one form of lagged 
partial correlation, Only selected lagged relations are 


presented and discussede 


The animals! behaviour exhibited very strong temporal 
patterning, indicating that their "biological clocks" must 
be very accuratee The high degree of complexity indicates 
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that more elaborate analyses are called for and some 
possibilities are discussed. Certain aspects of the results 
are compared to some earlier literature, though there is 


little with which comparisons are appropriatee 


The approach taken appears to hold considerable promise 
in terms of the description of ongoing behaviour of an 
animal and in terms of the development of an inductive 
method of identifying underlying constructs which could be 
censidered responsible for behavioure Considerably more 


development is needed in this areae 


ace ) 
ie ich oe na io 


a6 Bo TWOltored sibere AO 


od biye> doi tw «tourraqes Rei lait al 


Stour elder tiianod oertnade d Bl satarenmears | 
and .  . ceets ole ae Bengen-ek 


4 


‘ — 
- 
“= 
| : 7 
~ : 
% -_ 
: v ad « 
= - se a: = ole 
eee Serer a, oy na gta a 
; oe | [4 : o A he om aa 
4 sea Ss Sal at : a: rae - 
2 a a 
- 


ers 7 
ye 


mesa’ 


TABLE OF CONTENTS 
Introduction ceccscccvecccesescesccsccsssesesvescesesncescoen§ i 
Simultaneous Incompatibility of Behaviours cececececece 7 
Temporel Patterning eccoccccecscsesescevcceccevseccscvecee & 
The Lagged Correlation Function and its Properties 9 


Inference from Temporal Patterning to Underlying 


ConsStructS ecevsecvceccccccssssescesceccsscseccccseses 139 

Subjects and Situation cecccccecscecccccsccccccsesesecs 19 
Environment ecoccsesccsescesvecsecevessescesecesccscccesess 22 
Procedure eccccecccnsccccccccscscccssesrecseccscesceccesesesn 27 
Data Collection and AnalySisS ecccccccecseccesesccscscecvseccse 29 
Results and Interpretation ceoescccscsccccecvsesesvesseeesee JID 
Reliability ececcecccceeseccsesccsecrvesescescecceesesss 35 
Overall Levels of Various Measures eecescesccccsccsee 37 
Daily Totals seesececccccccsrsecscsecccccesesessecsesseces 46 

The "Average" Day ecececccccssesecececccssescescecessese O39 
Lagged Correlatiors and Conditional Probabilities seceeoe 57 
Auto-relationS eceecsccesccccccvcsescescvrecscccesccccsese OF 
Groups of Auto-relations eecccsescvccsecescsccsverss 69 
CroSs-relationS eeescossccccsecsesescescccessccvsevscccsce Ii 
Properties ceecescecceccccccccesesescesccescsccsssececs S11 
Particulars ecccsecccssscccrseccesecvsexccccsscosesceoseves JI 
Partial Correlations erecsccscceseccescsccesseccecccs SU 
DISCUSSION ecovecceccssceresecescccseseccscessccceseeceese 83 
Relationship to Other Research eecccscccccscccccecece 83 
Further AnalysiS cecescccccecsnccceseccccsccesccecesecoe SI 
CONCLUSION eovesesccevecseccsersesceesecvccscssveccecce G2 
Bibliography ceeccecacccceccccvesescsecserescsesccvcsceveces 115 


vi 


6a 


ke 


4 bubba came dena eens ene se ecenetpeeeneeeees ene ote OT 


See gereseapeeebesenaesbenses wiaytunt, hea cabtnaiteo ataa” 


“ee eeuts hee ewww een <n et +andne eee: aretuo bPaad - 


-. xy | 
ae 
od seeeenenartecoteseseenneerar ete 
afl bre avitoied pott alert? 
assoc cee 
goitindinv of. ofinees tat fsroqaat aaa : 
AWdawessteesune des ees banesesneue 7 


: 7 


oh We Es ona veg yesin em eaeee ees ae noe tage £2 bie-FoeLaee f 


ee ese ePewtneveae evar rnreerer ae EAs 6 Serer remnonted 


2 

ine a 

Sr Sees CFE ES ho e+ hee ON ee TEE oes mmttratendqretal bats ar 7 a 
CHM P RESO RETO CEO RTE HET RSH TOMER THEFT SHS es istaaitee 

nbbee saw ob tees ces  S9nUEAOM aubiaKY Yo afevel iTexavo : 

i _ o t 

ORs PUES yg TSsOs on TS YE: <e +e ee be tee eee on afstoT VS tex el : 

= fat = inet 

7 


TORR THER T ere e ree T eee EHO EER De ene Re rAd Yegetava" st? “i = a 
enene eet LReAcon4 Femoa tions bre meatal bawaed 


tence Wahen Pa eP ECs ses TLAE ode hevenoey enetatar~ork ; ae 
Wadvckse eiae sats vaetWes avol+sier=atws aed equorD 


thetapeasubenrecerseeetenenennnaees ne nd bre Ten aan a 


~ 


‘ef i 2 9 7 
serece HEV aster re we serene eenwnny pe eteee atid he Pe 


L " = 


u 


~ 


tetenieeewaeecaseanvererweesan anoles saxo Jeltes® 


\puvanelhine sh anise hn elnoiaies the een Rewer ny oe yee WE 
7 5 


Table 


LIST OF TABLES 


Description 


Total Number of Responses and Average Number 
of Responses per Day for Each Variable 
and Each Animat 

Maximum Possible Values of Laggedc Correlations 

Absolute Values of Minimum Possible Values of 
Lagged Correlations 

Maximum Possible Vatue of Conditional 
Probability of Row Variable Following 


Column Variable 


vii 


Page 


$5 


96 


98 


100 


joteabaseed : 7 
= 7 _ 7 
7 a - - -_ 
(6S. 7 : - ® = 7 7 
. 


Sarton salle 4 has esenoyer? Io cede Tet 
a. . - ae 


Ph is oles Fan (24a Tok Yod req. aeeorGeRe, to) t 


7 
7 iamtat Asaet ines or 
i : a « 


agetiates+6) baggel Io goutTaVY elidtzeot ou" oleae 
peel . af , : | ea - 


se ie 


tc woa sav eidntenod mabe im to eewisY atulpeda 


motfasernod. theggatl 


ievoleibonto to eclav aid ineot “gua k ae 


. Br twollod ofiWsiwaY won to viilidadoni 


ae 


@eltntiesY saa fod 


Figure 


an 


10 


LIST OF FIGURES 


Description 


Daily total number of responses made by 
first animal on each variable 


Daily total number of responses made by 
second animal on each variable 


Average across days of number of responses made 
by first animal in each fifteen-minute 
interval throughout the day 


Average across days of number of responses made 
by second animal in each fifteen-minute 
interval throughout the day 


Autocorre lations of data for first animal 


Lagged conditional probability of recurrence 
of same type of event for first animat 


Selected graphs of lagged cross-correlation 
of first-named veriable leading second- 
named variable for first animal 


Selected graphs of lagged conditional 
probability of first-named event followed 
by second-named event for first animal 


Conditional probability of Wheel following 
Wheel at lags of four hours to 
forty-eight hours with sketch of 
principal frequency components 


Periodic but asymmetric nature of the 


lagged correlation of Nest Box and 
Capacitance Water 


viii 


Page 


102 


103 


104 


105 


106 


108 


110 


112 


113 


114 


" sin goatee toa 2¥ap 2Ac79s, 
; ie Faas wine 0 
~- Bop an Bel ) Ser eae 1 Age 


=™ 


aon ot to aeons Sangh 


arr festive tariv wet tovve to . 
= : 
~ G0 lt elena eaete bee 9 ana r 
* -breote gttbed 9 idelsey Nass <a 
Olt | Tanta, fe7it wok ew | 7 


Seticeieer's Sten Sos J bing! 
i hesohla® Jae i 
cit taalne Wa fet er: 10% eevee 


‘ 
\ 


INTRODUCTIO 


The general approach on which this thesis is based 
could be described as "inductive", "multivariate", and "a 
posteriori" as opposed to the "univariate", "a priori", 
“hypothe tico-deductive" approach more common in Psychologye 
Perhaps a somewhat simple-minded caricature of the dominant 
view of how Psychology is done will help clarify the 
difterence: 


Joe Psych is sitting around waiting for 
something to heppen when suddenly, ex nihiloy, 
there appears a hypothesis relating some 
stimulus-side mediating construct to some 
response-side construct in some simple monotone 

waye Joe devises operational definitions 
relating a particular stimulus variable, S, to a 
response variable, R, in the same simple 
monotone waye He designs a simple taboratory 
situation in which as many as possible of the 
extraneous influences on his subjects are 
eliminated and those which cannot be eliminated 
are held constant at some fixed level. Joe 
systematically varies levels of S and records 
levels of Re A quick analysis of variance 
indicates that the nypothesis was true with 
probability e~95 or that it may be either true or 
falsee The experiment is then either written up 
and submitted to the appropriate journal or 
written off and submitted to the circular files 


Is Joe Psych functioning sub-optimally in terms of 
contributing to science and, if so, how could he improve? 
Joe's first problem is sitting around waiting for a 
hypothesis (or better yet a theory from which hypotheses can 
be formally deduced). This is a rather inefficient way to 
get idease The criticism here is of the hypothetico- 
deductive model of science, which makes the origin of a new 


idea seem like a mystical experience or some such thing - 
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ideas (theories) just come full-blown from the muses or 
somewheree Attributing the development of new ideas to 
reading the literature or talking to colleagues really does 
not help to explain anything about the origin of ideas, only 


their disseminatione 


Closely allied to the hypothetico-deductive model as a 
philosophy of science is Joe's reliance on the hypothesis-— 
testing approach to statistical inferencee It is at best 
very inefficient when all knowledge has to be established 
through a series of true/false questionse This approach has 
even mere serious problems, especially that an effect may be 
BRAS Siena significant though interpretively trivially 
small, accounting for essentially none of the observed 
variance, while a very large effect may sit there right in 
the data without being noticed because the investigator is 


wearing the blinders of his hypothesise 


Joe's experimental design provides for systematically 
manipulating one variable (or a few) and measuring only one 
(or a few )e In manipulating a variable, Joe is deciding 
what the variance will be on that variable rather than 
letting it take some value typical of the population from 
which his subjects are drawne His results may therefore be 
more typical of his exyneriment than they are of his 
subjectse If he uses extreme maniputations (or samples from 
the extremes of a non-manipulated variable) he may create 


sufficient variance to make an uninterestingly small 
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relationship appear quite sizeablee If he uses more than 
one "independent variable" in a factorial arrangement, Joe 
wilt not only have non-representative distributions on each 
variable individually; he may well have rendered effects 
orthogonal which are highly correlated in the larger 
populatione If Joe's independent variables are arbitrary 
manipulations which could be imposed in any combination, 
this orthogonality is quite appropriate. However, if his 
independent variables are assumed to have a naturally 
occurring distribution which is of some interest, Joe will 
fail to learn a good deal about ite Part of Joe's 
manipulations consists of attempting to hold constant that 
which he is not varying systematicallye He is assuming, if 
he intends to meke any generalizations, that the 
relaticnships among his "independent" and "dependent" 
variables are the same for all teveltls of his fixed 
parameterse Relationships are likely to be much more 
complicated than this and he might have had completely 
different results if he had chosen different levels for some 


of his fixed parameterse 


The last paragraph should not be taken to imply that 
Experimental Design as usually practiced in Psychology is a 
complete waste of timee There are times when it is entirely 
appropriate, but all too often it is applied inappropriately 
to the exclusion of other approaches to the collection and 
analysis of behavioural data and without due consideration 


for the statistical properties of the procedures usede 
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Most laboratory studies conducted in Psychology involve 
placing subjects briefly in situations which are not typical 
of their everyday experience and are so structured that 
choice of alternative behaviours is severely curtailede The 
behaviour observed in such situations could hardly be 
considered typical of even the particular subjectse There 
are certain situations where this methodology is quite 
appropriate; however, it would seem a more commendable 
general strategy to attempt to study subjects in an 
environment familiar to them, with considerable freedom to 
engege ina variety of activities. In this way one could 
Se eens. any relationships found are in some sense 
characteristic of the subject rather than imposed on the 


sub ject by the circumstances of the experimente 


The idea of operational definitions, like the 
hypothetico-deductive model and the hypothesis-testing 
approach to statistics, is a priori: the investigator 
decides on his interpretation of the experimental variables 
before he has any data, rather than collecting his data 
first and then looking at them to decide how to interpret 
his variablese This happens not only for items on paper- 
and-pencil tests but also in many complex manipulations in 
Social Psychology and can even be a problem ina fairly 
simple rat experiment where, for example, pressing a bar 
which reduces Light intensity might be defined as a measure 


of preference for lower Light intensitye Rats will 
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apparently learn to press a bar which either Lowers or 
raises light intensity from the same initial level (Barry 
ard Symmes, 1963) and mice wilt run back and forth many 
times between two bars, one of which raises light intensity 
and the other of which lowers it, raising and lowering the 
light intensity many times ina short period of time 


(Kevaneu, 1967). 


The concept of operational definitions leads to further 
difficultiese Can two operations define the same construct? 
Presumably this is possible since such fundamental concepts 
as temperature and mass are measured in more than one way 
Witnous ma jor arguments among physicistse What happens when 
such measures are quite imperfectly correlated, as is almost 
always the case in Psychology? Here we invoke such concepts 
as unreliability in the measuring instrument, or measurement 
error, which occurs to some extent even in measuring 
temperature e The magnitude of the errors in Psychology, 
hewever, necessitates separate concepts of "true score" and 
“test score", with all the discussion surrounding thesee 
When it is found that two separate operational definitions 
of the same construct not only have a modest correlation 
with each other, but have quite different correlations with 
other variables, it is time to scrap the concept entirely 
and find some other way toc make inferences to underlying 


constructs (traits, states, dispositions and such )e 
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The only reasonable way to retain underlying constructs 
which has been proposed so far in Psychology would appear to 
be to "combine" multiple measures in some waye The 
alternative of finding single "pure" measures may work the 
odd time, but certainly could not be considered a viable 
general stratepye Sometimes several relatively pure 
measures can be summed in order to reduce the relative 
magnitude of several systematic errors and this could 
perhaps be described as the traditional strategy of paper- 
and-pencil testse An alternative procedure involves 
analyzing the relations among several measures with the hope 
of identifying components common to certain subsets of the 
measures, allowing each measure to include contributions 
from more than one underlying component. This type of 
approach involving multiple measures of multiple components 
is often identified with factor analysis as a means of 
identifying the underlying components, given the datee 
There are other methods which use multiple measures in order 
to identify underlying constructs, including analysis of 
temporal patterninge This possibility will be discussed 
more fully later; the point for the moment is that the 
concept of operational definitions should be replaced by 
techniques using multiple measures to arrive at underlying 
constructse This is not to say that every study must have 
many measures, but that multiple measures are necessary for 
many studies which seek to identify underlying components 


which manifest themselves in a wide variety of situationse 
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Simultaneous Incompatibility of Behaviourse Most of the 


literature pertaining to "true scores" vs "test scores" and 
to multiple measures arises in the context of paper-and- 
pencit tests and relatively long-lasting attributes of the 
organisme Using more direct behavioural measures with more 
transitory attributes leads to more difficulty in relating 
measures to the organisme There are Limits to how much an 
organism can do at one time and as a result many behaviours 
interfere with the expression of many others. insofar aes 
two behavicurs arise from a common underlying component, the 
tendencies to perform these behaviours should be strong 
Simultaneously. However, if the simulteneous expression of 
the two behaviours is impossible and for some reason the 
expression of one reduces the tendencies toward both, the 
two may not appear to be related. Even if the two 
behavicurs do tend to be expressed in close temporal 
proximity, it may not be clear whether this represents one 
underlying tendency with two measures or two separate 
underlying tendencies which happen to be related, each 
represented by one measure. We may believe that hunger and 
thirst are separate motivational components, which 
presumebly increase in close temporal proximity. is there 
any way to distinguish that two measures in fact represent 
one measure of hunger and one of thirst rather than two 
measures of one motivational component? Of course in the 
case of hunger and thirst there are several ways to do this 


based on our extensive prior knowledge of these two 
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phenomenae Most of these methods would not be applicable to 
exploratory research in a new areae There is at least one 
method which is applicable under very scant prior knowledge 


and this will be a topic of further discussione 


The previous paragraph suggests that the impossibility 
of simultaneous expression of incompatible behaviours can be 
a hindrance to the discovery that two or more behaviours are 
instantiations of one underlying componente Of course, this 
incompatibility will also prevent the simultaneous 
expression of behaviours representing different underlying 


components which happen to covarye 


e al tte 


Psychclogists are wont to talk about the "dynamics" of 
interpersonal interaction; to express concern for 
discovering the "causes" of phenomena rather than being 
content with "mere description"; to emphasize that organisms 
are complex "systems", the interactions of whose subsystems 
are characterized by "steady states" rather than states of 
equilibrium; etce Many of the concepts which psychologists 
prefer to use have strong implications of temporal 
sequences, and often of ongoing reciprocal interaction over 
extended periods of timee Yet, unlike physicists, 
psychologists very rarely treat time as a variable of direct 


intereste 
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An examination of the temporal patterning of behaviour 
can provide not only a description of what the animal does 
when "on the average", valuable as this would be, but also 
information relevant to what may or may not be important 
influences on certain behaviourse It will be argued 
presently that en analysis of temporal patterning allows 
inferences to the nature of underlying components and their 
relations both to each other and to the observed behaviourse 
This is not to say that there is some magical procedure 
which will yield all the answers, but only that there are 
methods using time series data which can be very helpful in 


certain situationse 


The lagged Correlation Function and its Propertiese There 
is a certain amount that can be done statistically with an 
undifferentiated set of numbers; one can examine attributes 
such as the mean, median, variance, skewness and kurtosise 
If the set of numbers can be partitioned in some reasonable 
way into two sets, these same attributes can be compared for 
the two sets, with some statistical derivatives such as the 
ratio of the variances or the t-teste If two sets of equal 
size can be put meaningfully into one-to-one correspondence 
with eech other, there are a number of additional statistics 
which are applicable, that of greatest interest here heing 
the Pearson product-moment correlation coefficient. If the 
peirs of numbers in the two sets can be put into a common 
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interval scale, then additional calculations become 
meaningful. In particular, it is possible to express the 
correletion between the two sets ee only in terms of the 
original pairs but also as a function of pairings derived 
from "shifting" the two orderings with respect to each 
othere In the most common application the ordering is on 
the basis of time and new pairs are defined in terms of 
events being separated by certain intervals of time. 
Repeated applications of the operation of shifting one 
series by one position with respect to the other and 
calculating the correlation of the resulting pair yields a 
function of three arguments, the originai variables and the 
lag (number of shifts) between theme The value of this 
function for arguments x, y and l will be the Pearson 
correlation coefficient of x and y with y shifted 1 time 


units later than xe 


It will be important in the discussion which follows to 
distinguish between the case where a lagged correlation 
function is periodic and where it is note Stricktly 
speaking a function is periodic only if it starts to repeat 
exactly after some period: 

f( x)=f( xtkp) for some p>O and all k=eee,-2,-1,0,1,2;,2ee8e. 
However, with real data, it is unlikely that a lagged 
correlation function would ever repeat exactly and so we 
will weaken the equality above to approximate equality. It 
is often convenient in discussing continucus functions, 


especially probability functions and other functions based 
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on random variables, to allow for excepticns at finitely 
many pointse In the discussion which follows it will be 
convenient at times to allow the approximate equality to 
fail to hold at a "few" Lags, in particular lags near zeros 
The reason for this strategy will become obvious in the 
appropriate contexte Despite some ambiguity in the criteria 
for labelling a particular lagged correlation as periodic, 
it will seldom be difficult in practice, provided there is a 


substantial quantity of datae 


A function which is not periodic according to the above 
criteria may still be characterized by a certain periode A 
damped harmonic function is characterized by a particular 
period, but the amplitude becomes smaller with each cyctee 
For other functions the period itself may be only 
arproximate, whatever the amplitude of successive cyclese 
These functions which are similar to periodic functions will 
be termed "cyclic". Periodic functions can be considered a 
subset of the cyclic functionse There is considerable 
variation within this class of functions and it is difficult 
to discuss their properties. A cyclic function which is not 
periodic will have the property that its autocorrelation 
will have a peak at some non-zero lag, with smatler peaks at 
multiples of this lag. If the period itself is not exact, 
peaks of the autocorrelation will become successively 


broader as well as lowere 
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A function which is not cyclic will be termed 
“aperiodic". The autocorrelation of an aperiodic function 
will generally approach zero fairly quickly as the lag 
departs from zero and stay near zero for all long lagse 
Although an aperiodic function may in general fluctuate 
quite wildly, there are other attributes which an aperiodic 
legged correlation will generally havee If the variables 
are related at atl, we expect the most extreme values of the 
function to occur at relatively short tags; at relatively 
long lags the function will remain near zeroe It is 
difficult to conceive of behaviours which appear unrelated 
in the short run but show a relationship in the Long rune 
What constitutes short lags vs tong tags wilt depend on the 
rate of chenge of the values of the individual variabtes 
being correlated; when recording from a single-cell 
electrode, one minute might be considered a long lag: when 
re-administering an intelligence test, one month might be 


considered a short lage 


The lagged correlations (both auto- and cross-, 
collectively) generated by a pair of variables will have the 
following properties, ameng others: 

1) If neither autocorrelation is periodic, the 
crosscorrelation witl not be periocdice 

2) If both autocorrelations are periodic and the 
crosscorrelation is high for some lag, then the 
crosscorrelation is periodice 


3) If one autocorrelation is periodic and the 
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other is monotone decreasing, the 
crosscorrelation will be cyclic with decreasing 
amplitude. 

4) If one autccorrelation is periodic and the 
crosscorrelation is high at any lag, then the 


other autocorrelation must be cyclice 


I erence f m T 2 +t Underlying Constructse 


From properties such as those above it is possible to 
establish criteria for making inferences to underlying 
constructs and the relationships between such constructs and 
observable hehaviourss For the present discussion the term 
“"construct" will be used to refer to general underlying 
tendencies toward the expressien of certain classes of 
behaviourse The term “component” will be used to refer to 
attributes of the lagged correlationse Thus "construct'! 
will be applied to the organism white "component" refers to 
statistical properties of the datae Any number of 
relatively simple functions having the properties described 
so far could be combined as components of a more complex 
functione The problem of how to make inferences from data 
to organisms can be recast as how to find a statistical 
decomposition of a complex function into components which 
make sense when put into one-to-one correspondence with 
underlying constructse This problem is simply ignored by 
the hypothetico-deductive model of science, but hopefully 


will become part of an inductive methode In the case of a 
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purely periodic function, it is possible to decompose the 
total function into components, each having a single period 
and "Location" defined by the point within the cycle where 
the ordinate (lag of zero) cuts the waveforme This 
decomposition has the advantages that the separate frequency 
components are orthogonal and that a single frequency is 
readily interpretablee This decomposition corresponds 
closely to the ear's decomposition of a complex musical note 
into several distinct pitchese For any autocorrelation all 


periodic components peak at lag zeroe 


In the case of a purely aperiodic function each peak 
could be considered a separate component since the peaks are 
generally not predictable from each othere The cyclic case 
is more difficult to deal withe In the case where the 
amplitude of successive cycles decreases, each frequency 
which is present could be considered as a component with the 
rate of decrease in amplitude teken to be an attribute of 
the component which may be different for different 


components of the same function. 


There is no reason why any particular lagged 
correlation must be composed entirely of any one type of 
component; it could include periodic, aperiodic and cyclic 
components. It would not be at all surprising to find a 
certain behaviour having periodic components (perhaps 


regulated by such factors as photoperiodicity) and also 
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aperiodic components (for example, that necessitated by the 


Simultaneous incompatibility of many behaviours )e 


Given the above discussion of how complex lagged 
correlation functions may be considered to consist of a 
number of simpler components, we further assume that every 
component in a lagged correlation function correspends to 
one and only one underlying construct and that each 
censtruct is represented by at most one component in each 
lagged correlation function. Once a particular form of 
statistical decomposition has been chosen, this assumption 
allows specification of a model of the behaviour of the 
organism with respect to the behaviours measurede With 
these assumptions, there are a number of inferences which 
cen be made from lagged correlations to underlying 


constructSe 


To the extent that a behaviour is a manifestation of a 
construct, the probability of that behaviour should be high 
when that construct is at a maximume If the behaviour is 
being recorded, we say that the resulting variable is a 
measure of the constructe This implies that the lag from 
the time when a construct reaches a maximum level to the 
peak in a measure of it will be very smalle This is 
equivalent to saying that the peak of an autocorrelation 
function at lag zero corresponds to the maximum of whatever 


“causes" the behaviours 
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If two variables, A and B, happen to be "pure" measures 
of the same construct (ieee the only component not induced 
by the construct is a random error), one would expect their 
autocorrelations to be identical. Further, the probability 
cf A occurring after B had occurred would be the same as the 
probability of B following A, and this implies that the 
lagged crosscorrelation should be symmetric about lag zeroe 
Further, since the two variables are interchangeable as 
measures of the construct, the correlation of A with any 
other variable should be identical to the correlation of B 
with the same variable. In practice "pure" measures are 
very rare, but these properties generalize to common 


components of two or more variables. 


If two variables include some common component which 
cerresponds to a single underlying construct and if thet 
component is periodic, we expect it to appear in the lagged 
cresscorrelation of these two variablese It witl eppear as 
a comporent which is symmetric about lag zero and which 
"should", though may not, peak at lag zeroe The reason the 
compenent "should" peak at lag zero is that the tendencies 
to the two behaviours, being manifestations of the same 
construct, wilt increase and decrease together. The reason 
the correlation may not peak is that the two behaviours may 
tend to suppress each othere The width of the region of 
suppression witt increase with the tendency of each 
behaviour to perseveree This tendency will also be 


manifested in the width of the peak near lag zero of the 
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respective autocorrelationse. The fact that the 
crosscorrelation "should" peak at lag zero may be 
ascertained by examining the periods which do not include 
lag zero and interpolating from these to the region of lag 
ZETOe The difference between the interpolated values and 
the actual values is an indication of the nature of an 
aperiodic suppression effecte This difference should 
increase to the extent that the individual variables are 


highly autocorrelated in the region of lag zeroe 


It follows from the fact that a function is periodic 
thet all (or "almost" all) of its cycles are identical, 
within sampling error. As discussed above, if a component 
of a crosscorrelation represents a single underlying 
construct, it will be symmetric about lag zero and should 
peak at lag zeroe It follows that if such a component is 
periodic, each cycle centred a whole number multiple of the 


period from the origin will be symmetric about its centree 


If a periodic component of a crosscorrelation does not 
and "would not" (corresponding to the "should" above - ieee 
with interpolation) peak at lag zero, it must correspond to 
a relationship between two underlying constructs, each 
measured by one of the two variables, rather than to a 
single construct common to both variables. It does not 
follow that a periodic component of a crosscorrelation which 
is symmetric about zero and "should" peak at lag zero must 


represent a single underlying construct, measured to some 
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extent by each of two variables. It is possible that there 
are two constructs with the lag between them equal to the 

pericde However, until there is some evidence that this is 
the case, it seems reasonable to assume a single underlying 


constructe 


If a component of a crosscorrelation is periodic except 
in the region of lag zero, it seems reasonable to 
interpolate the periodicity in this region, even if there 
will be no peak at lag zeroe The difference between the 
interpolated values and the actual values may be attributed 


to the simultaneous incompatibility of the two behaviourse 


This discussion of making inferences from lagged 
correlations has focused primarity on the case of pericdic 
correletion functions, for reasons that will become evident 
when the results of the current study are presentede For 
the aperiodic case it should be noted that, to the extent 
that a veriabte, A, influences another variable, By with 
some lag, 1, required before the inftuence is manifest, we 
expect thet the absolute value of the correlation of A 
followed by B, t units tater, will be greater than the 
absolute value of the correlation of A preceded by By, 

lL units earliere Once the aperiodic component of a complex 
crosscorrelation has been estimated by interpolation and 
subtrection as suggested above, it may be possible to 
establish an asymmetric influence of one variable on the 


other at some particular lage 
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The discussion so far does not indicate how, if at all, 
it is possible to identify uniquely components of a complex 
functione Unfortunately, in the degree of generality of 
this discussion, there is no way to guarantee that a 
particularly complex function can be decomposed "the right 
wey". The approach adopted in the present study is to 
attempt to maximize the probability of finding relatively 
"clean" lagged correlations which will yield a good deal of 
information from visual inspection. More rigourous methods 
can then be applied to the same data in the hoves of 
verifying the initial observations, evaluating alternative 
methods, and extending the conclusions ina sort of 


recursive "boot straps" fashione 


Because this study attempts to explore methods quite 
atypical of the behavioural sciences, it was considered 
important to obtain a substantial amount of complete datae 
Problems with missing data are Likely to be especially 
serious in time series analyses. It was anticipated that 
correlations would decrease with long lags, but this 
possibility could only be examined if the series were 
sufficiently long to estimate fairly Long lags without bias 
attributable to the decreasing effective sampie size at long 
legse Having obtained relatively long series of complete 


data, it would then be possible to restrict the Length of 
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the series or introduce gaps in the data in order to examine 


their effects on the results. 


It also seemed important, for a first effort, to 
examine relatively simple behaviours rather than more 
complex ones such as social phenomenae It was also felt 
that behaviours which are a significant part of the life of 


the subject should be studied ina familiar environment. 


The rat is an easy animal to work with and adapts 
readily toe @ wide variety of environmentse It is not 
difficult to keep a rat in a laboratory environment which is 
sufficiently simple to atlow careful study but sufficiently 
complex to afford the animal a reasonable variety of 
activitiese Since the rat is so widely used for research in 
the behavioural sciences, it was expected that there would 
be ample literature concerning its habitse As it turns out 
the rat is rather tess studied than many other animatis, 
including its close relatives, the ground squirrels. It has 
been suggested that the rat is not a very glamourous 
subject, nor is its natural habitat the kind of place to 
which many researchers would like to retreat for extended 
periods of timee Studying the rat in the wild has the 
additional disadvantages that human beings tend to damage or 


steal field equipment and kilt the subjects of studye 


In line with these considerations, a cage was designed 
and built which afforded ample opportunity for variety in 


the activities of a rate This cage permitted recording of a 
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number cf basic activities of the animale A system of 
recording was designed and assembled which permitted 
continucus, automatic monitoring of the activities of the 


animal for long periods of time, potentially several monthse 


ENVIRONMENT 


The main piece of apparatus was a cage about 36" x 24" 
X 21"( high), and its contentse The walls of the cage were 
relatively opaque except for a window in one walle The 
floor and ceiling of the cage were made of wire meshe In 
one corner of the cage there was a wooden "nest" box about 
8" xX 8&8" X 4"(high) with a short "tunnel" entrance to prevent 
light from entering directly through the doorwaye The floor 
of the nest box was hinged with a switch mounted opposite 
the hinge such that the weight of a rat closed the switche 
Strips cf cloth were provided as nesting material for the 
first animale The cloth proved a nuisance and was therefore 


not provided for the second animale 


Near one end of the cage there was a Standard Lafayette 
activity wheel about 14" in diameter mounted on a non- 
standard basee Each revolution of the wheel caused a cam on 
the shaft to close a switche. The switch was connected to a 
timer which opened the circuit to the recording device if 
the switch remained closed for over 10 secondse This 
procedure prevented stoppage of the wheel with the switch 
closed from being recorded as turning of the wheele Near 
the other end of the cage there was a wire mesh 
configuration suitable for a rat to climb one This 
configuration was mounted such that the weight of a rat 
closed a switche This switch was connected to a timer such 


that switch closures of tess than 0.5 seconds were not 
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recorded. This procedure prevented recording of accidental 


jarring of the apparatus when there was no actual climbing. 


There were two food dispenserse Gne was a standard 
operant bar and food dispenser operating on a fixed interval 
20 second schedulee The other consisted of a piece of brass 
tubing extending vertically from the top of the cage to 
about three inches above the floor. The bottom of this 
tubing was cut and bent such that, when the dispenser was 
filled with standard Laboratory food chunks, the bottom 
chunk could be bitten readily but could not be removed until 
its size had been substantially reducede This dispenser was 
mounted in a gimbal suspension such that light pressure 
moved it slightly sideways to touch a metal ring which 
surrounded it, thereby completing an electric circuite The 
ring was the "hot" side of the circuit and was sufficiently 
above the floor of the cage to make it awkward to reach; in 
addition the voltage was sufficiently tow that it is 
unlikely the animals could feel ite The output of this 
N“switch" went to a timer which prevented contacts Lasting 
less than 0.2 seconds from being recorded; thus accidental 


jarring of the apparatus was not recordede 


The cage was equipped with two standard laboratory 
water dispenserse The spout of one of these was available 
without effort. A capacitance-sensitive relay was attached 
to the spout to record any contact of the animal with the 


spoute The spout of the other dispenser was covered by a 
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pendulum which the animal had to hold aside in order to 
drink from the spoute The shaft of the nendulum was 
connected to a switch which remained closed as long as the 


pendulum was held asidee 


The cage was also equipped with an operant bar 
connected, through a timer, to a radio such that when the 
bar was pressed the radio was turned on for about 2 minutese 
The radio was a tube-type which required about 30 seconds to 
Warm up. It was tuned to a "pop" music station which 
broadcast 24 hours per daye The volume was adjusted such 
that the announcer'!s words were barely discernibie from near 
the cageéa A similar bar and timer were attached to a string 
of Christmas tree Lights etrung about the room outside the 
window in the cage wall. There was also an "empty" bar 
which had no effect on the environment in the experimental 


room, but the pressing of which could be recordede 


Between the floor of the cage and the dropping pans 
below there was an “elimination grid" (adapted from Kavanauy,y 
1963). This grid consisted of three sets of wires strung 
across the width of the cage, the wires in each set placed 
half an inch apart along the length of the cagee The middle 
course of wires was located a quarter of an inch below the 
top course and displaced a quarter of an inch laterally from 
being directly below the top coursee The bottom course was 
strung e sixteenth of an inch directly below the middle 


courseée The top and bottom courses of wire were each 
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connected to the "hot" side of the sense head of one of two 
Grason-Stadler drinkometers, while the ground wires of both 
drinkometers were connected to the middle course. The 
intention of the "elimination grid" was that feces falling 
from the cage to the dropping pans would temporarily contact 
one of the wires of each cf the top and middle courses of 
wire but not he able to contact the bottom course, while 
urine would contact a pair of wires from the middle and 
bottom courses but not bridge the larger gap between the top 


and middle coursese 


Other than the string of Christmas tree lights 
mentioned above, the only Light in the room came in through 
a south-facing window approximately 14 square feet in areae 
The cage was ebout 30 inches in front of this windowe The 
temperature and humidity in the room were relatively 
constante Except for keeping the door closed, no particular 


effort was made to shield the room from noise in the halle 


Throughout the remainder of this thesis the following 
labels, with capitalization, will be used in referring to 
the apparatus and resulting data variables: Food Bar, Direct 
Food, Capacitance Water, Water Pendulum, Wheel, Climber, 
Lights, Radio, Nest Box, Empty Bar, Urination and 
Defecatione These labels wilt be used for the sake of 
consistency and also as a reminder that these are labels and 
do not represent a priori interpretations of every recorded 


response as representing a particular type of behaviour on 
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the part of the animals. It is quite possible, 
that the animats may enter the Nest Box as part 
exploratory activities or food hoarding and may 
outside the Nest Box, making Nest Box occupancy 


an indication of restinge 
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PROCEDURE 


An 80-day-old female Sprague-Dawley (albino) rat was 
placed in the apparatuse Both food and both water 
dispensers contained food/water at all times. Modifications 
were mede to the apparatus over a period of several months 
to obtain more reliable measures and to make the apparatus 
virtually indestructible to a rate After all modifications 
were made, the animal remained in the cage relatively 
undisturbed for several weeks before the experiment proper 
begane Thus it is clear that this animal was very 
thoroughly hebituated to the environment and the presence of 
the experimenter in the roome This animal was about 200 
days old at the beginning of actual data cotllectione 
Twenty-four days of data were collected. As the 
commencement of data coltection meant only connecting a tape 
drive to the interfacing in the adjacent room, nothing 
changed from the animal's point cf view with the 


commencement of data cotlectione 


After the data had been collected from the first 
animal, the animal was removed from the cage and the cege 
was dissassembled and scrubbed to reduce this animal's 
odourfre It is quite possible that this procedure left odour 


detectable to another rat but presumably only faintly. 


The second animal was a mate Long-Evans hooded rate 
This animel was moved to the experimental room about the 
same time the first animal was removed from the cagee He 
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wes about 100 days old at this timee He remained there in 
his small cage for two days while the experimental cage was 
dissassembled, removed from the room, cleaned, returned and 
reassembled. The smalt cage was then placed inside the 
experimental cage and the top removede Within five minutes 
the animal had left the small cage and had explored that end 
of the larger cage, including entering the Nest Box and 
Wheele The smatl cage was removed after i5-20 minutes and 


data recording begane Data were recorded for 32 dayse 


A word should perhaps be said about the rationale for 
using onty two animals and for using these two in particular 
- one male, cne female and one albino, one hoodede The 
intention of this experiment was to try a method and not to 
demonstrate conclusively any universal truths about ratkinde 
Two animals seemed quite sufficient for such exploratory 
researche Other research (Wang, 1923) has found that female 
rats show very pronounced four-day cycles in running 
activity wheels, corresponding to their oestrous cycleée It 
was hoped that this female would yield interesting four-day 
periodicities in several variables and that these might 
include changes in short-lag covariance patterns coincident 
with changes in overall activity levelse A hooded rat was 
used because hooded rats are genetically closer to wild rats 
and particularly because they have pigmented eyes, a fact 
which could easily reduce the effects of photoperiodicitye 
Leockard (1968) discusses some differences between albino 


rats and the rest of Rattus Norvegicuse 
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DATA COLLECTION AND ANALYSIS 


The twelve measures mentioned previously were recorded 
on equipment tocated in the room adjacent to the 
experimental roome Each measure was connected to a "Latch" 
which had two electrical statese The first time a given 
type of event occurred the latch changed statese It then 
remained in the second state, whether or not further events 
occurred, until it was resete These latches were part of a 
piece of interfacing which connected the experimental cage 
to a 7-track digital tape drive. Every ten seconds the 
interfacing wrote the condition of all twelve latches onto a 
magnetic tape and then reset the latches. Thus the recorded 
data consisted of 12 binary variables, with a 1 
corresponding to the event having occurred at least once in 
the ten-second interval and a 0 corresponding to the event 
not occurring at any time during the intervale The 
interfacing end tape drive could be left running for periods 
of weeks or even months - until the tape ran oute The tape 
format written by this tape drive was a standard 7-track, 
200 BPI, odd parity format readable at most major computer 
centrese The data from this experiment could thus be read 


directly into the main computer at this universitye 


The total amount of data collected in this experiment 
is quite substantial. It consists of 12 variables X (24+32) 
days X 24 hours/day X 60 minutes/hour X 6 samples/minute = 


5,806,080 pieces of informatione If each of these were 


29 


“dotel” » of te Amr > ah Sramped at 
jocks. welt ssi GAT canada Taotstaele 
weds +1) wanbate Degnats tore! st vovauase Pewee 

etaeys Tetrag? bon 20 Tedttedw yore Phaoee air nk ® 


n tO Pride ome eetoteal eeatT dial ene 4¢ Dirae saa 7 _ 
dl 


Say Beate te Pew 


¢ 
‘a 


oe intuewiteaxe sdf wepoeangs (haw gotantwateal vey _ . : 
; >) Bee 
act? @.ne0ee aet yrert serien oun? fortets denses? @ 07’ Mz 


® othe abiot ss ori ser Ifa to meg ® feogs att ete satowheapal | “i 
habtsger wilt aval «eenotef® eit tate. «94% bean oaat aitengem . 
_t « ftw emgRaA yee sere but of to sete ten®, afeb i - 

At ava tinsel te sialalacet scat steel tasve » 4° of gn Dbacgeeet00 ~ ay 
toave ent of er tnnogesrres 0 s ban a eae ed. vy, 
‘egere  aaeraateat ear oniton sebt ooe ad antaewss0 toe Wi : 

eho hans 1%} \pufoaus. ref va iad ovieh aant on arhoaktorat- _ = 
eqor oil .tue wat eoar ont Flings = edtnon aevea te aoe i 
roars Hf Wiabnste 4» Tae mwattb aah whet . chebeey remain 
vad wm sobén fom fa ovaniines donor it keene obo ca 
saws od auvilt “bios trombones biaanns pitaeee ot aie 
oe ae: fe rodanos: i ae otek © ; 


: 


Y 


Vantonacs ie wa Mee ; 
Ahab ‘eabiaryne 6 Bt ear 


Pat, 


allowed to occupy a full word of core memory in the computer 
(the smallest amount readily manipulated in high levet 
languages such as Fortran), the capacity of the Amdahl 
470/V6 would have been exceeded several times overe In 
order to overcome limitations in computer space and computer 
time usage, programs were written in Assembler Languege to 


do the initial data analysis». 


All twenty-four days! data from the first animal were 
analyzede The first fourteen days for the second animal 
were omitted from the initial analysis. These first 
fourteen days were considered developmental data while the 
animal became familiar with the environment and established 
relatively stable patterns of behaviour.e It was intended 
subsequently to develop programs to analyze this 
developmental phase and also to follow the development 
through atl 32 dayse The analyses completed so far yield 
the following information for each animal: 

1.) the total number of times each of the twelve 
events occurred 

2-) the number of times each event occurred in each 
day of data cellection (plotted on the Calcomp 
plotter) 

3e) the average number of times each event occurred 
in each 15-minute interval of the "average" day 
- ieee 96 numbers (24 hours X 4 quarters/hour ) 
for each variable, each number being the sum 


across all days of the sum for that particular 
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part of the day divided by the number of days 
(plotted on the Calcomp plotter) 

4.) the standard deviation of each of the data 
variables 

Se) the sum of lagged crossproducts for each pair 
of variables for lags from: 0-30 minutes at 10- 
second increments (181 lags); 30 minutes - 4 
hours at increments of one minute (210 lags); 4- 
48 hours at intervals of 10 minutes (264 lags), 
and 2-8 days at intervals of 30 minutes (288 
lags )e It should be noted that raw data were 
not summed when the tag increment was longer 
than 10 seconds; all data were used for each lag 
calculated but intermediate lags were omittede 
The reason for omitting some tags was to 
economize on computer timee The analyses as 
performed required about an hour of CPU time on 
the Amdahl3 this was for 943 lagse The total 
number of lags from 0 to & days using a ten- 
second increment throughout would have been 
69,121 - requiring almost 3 days of CPU time! 

6e) the conditional probability of each type of 
event following each type of event at each of 
the above lagse These were plotted as 
probability versus lag for each pair of 
variables. 


Je) the lagged correlation of each type of event 
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with each type at the above lags. These were 
similarly plotted as correlation versus lag for 
each pair of variables. 

8.) the lagged partial correlation of each pair of 
variables, consisting of the simple correlation 
minus the product of the lag-zero 
crosscorrelation of the pair and the same-lag 
autocorrelation of the "Leading" variable, 


standardized to lie in the interval (<1, 1 )e 
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This section will not attempt to present all the 
results, but rather will restrict itself to the "simpler" 
results and certain aspects of the correlations and 
conditional probabilities which are particularly interesting 
and which warrant further consideratione There are a number 
of observations which wilt be mentioned before proceeding to 


the presentation of the statistical analysese 


As already mentioned, the first animal had been in the 
cage for several months by the beginning of the data 
collection, during which time a number of modifications were 
made to the apparatuse This animal was seldom handled 
during this time and became somewhat wilde She squirmed, 
squealed and tried to bite if picked upe No attempt wes 
made to hendle this animal for several days prior to the 
beginning of data collection or during the data collection 
phase. For the first several days she was in the cage this 
animat ate only from the Direct Food dispenser without ever 
pressing the Food Bare Eventually the experimenter shaped 
the animal to the Food Bar and for several days the animal 
ebtained virtually all its food from the Food Bare After a 
few deys she began to eat from the Direct Food dispenser as 
well and maintained an equilibrium for some weeks prior to 
the beginning of data collection. Upon learning to press an 
operant bar, this animal began pressing the Empty Bar, the 


Lights bar and the Radio bar as well as the Food Bare The 
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response rate for the Radio decreased to zero over a period 
of about two weeks and remained there. The response rate 
for the Lights fell more stowly and reached a non-zero 
asymptote some weeks before the beginning of data 
collectione The response rate on the Empty Bar remained 


quite highe 


This animal spent a good deal of time in the Wheel, 
often without turning it (and therefore not recording her 
presence on the tape )e When upset she was as likety to 
enter the Wheel as the Nest Boxe She often slept in the 
Wheel even with the mid-day sun shining directly inte the 
CaZee At times the majority of the nesting material was in 
the Wheel rather than the Nest Box. Preference for steeping 
one plece or the other generally seemed to last for several 
dayse On occasion this animal used the nesting material to 


block the entrance to the Nest Boxe 


The second animal had had a somewhat non-standard 
rearinge It hac been one of a number of such animals placed 
in separate cages at a somewhat earlier age than is typicale 
This procedure was intended to make these animals more 
suitable for experiments in aggressione This particular 
animal was considered by those caring for these animats to 
be more alert, active, fearless and vicious than most. He 
was given to the present experimenter partly because he was 


very difficult to handle. 
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This animal spent his first few days in the cege 
without eating from either food dispenser. After the first 
24 hours the experimenter periodically placed food on the 
floor of the cage near the Direct Food dispenser, but not 
nearly enough to satiate the animal. Small chunks of food 
were also placed in the bottom of the Direct Food dispenser 
such that they needed only eae Light putt to come oute The 
animal promptty ate the food placed in the cage but failed 
to take any from the larger chunks in the Direct Food 
dispensere This animal never did bite a piece from a chunk 
of food in this dispensers After a few days this animal 
learned tc use the Food Bar to obtain food without being 


shaped to ite 


eliabilit 


This study grew from concern with the difficulty of 
meking inferences from observed variables to underlying 
psychological processes and the necessity of giving the data 
precedence to determine what a measure is a measure ofe 
Before attempting to make inferences to unobservables, it is 
necessary to have a good idea of what observable events tead 
to what data valuese One of the easiest questions to ask in 
this realm is whether the same type of event always resulted 
in the same data valuee This is a question of the 
reliability of the recording devicee The question of 
reliability and measurement error is more complicated in the 


analysis of temporal patterning than it is in more 
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traditional forms of data analysis because of the 
possibility of sequential dependencies in the errorse There 
are a number of clear instances of various types of 
unreliability in the data to be presented and these should 


be noted as presentede 


The timers used in this study proved to he quite 
unreliable. On several occasions it was found that a timer 
had ceased to function at all or that a particular relay was 
burnt oute These failures resulted in "holes" of various 
sizes in the first animal's results for the Wheel, Direct 
Food and Urinatione These hotles will be quite apparent fron 
the graphs of the daily totals for each variable (see Figure 


1). 


On several occasions the experimenter found feces stuck 
shorting the wires of the elimination grid, resulting in 
Defecation being recorded repeatedlye This happened 
especially for the second animale The first animal 
sometimes dropped bits of shredded nesting material which 
could hecome caught on the elimination grid causing 
Urination or Defecation to be recorded repeatedly if the 
animal happened to urinate on the clothe Both of the 
drinkometers had a tendency to "drift" in their sensitivity 
and both had a tendency to perseverate: once they had been 
triggered their sensitivity increased and then gradually 
returned to normal if they were not triggered againe When 


the sensitivity had drifted high, a response triggered by 
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elimination was often followed by perseverative responding 
of from one response to several minutes of responseSse The 
sensitivity was adjusted several times during the course of 
the experimente Nine days before the end of the experiment 
one of the wires on the elimination grid broke end shorted 
both elimination measurese The Defecation side of the grid 
was restored but the wires in the same course as the broken 
wire sagged with the loss of tension to the point where the 
resistance was so low, even though there was no short 
circuit, that Urination was being recorded repeatedlye The 
Urination measure was therefore disconnected for the last 
nine days of the experiment. Because of the unreliability 
of these measures, very little further attention will be 


cevoted to theme 


Overall Levels of Various Measures 


The simplest, most condensed, useful measure of the 
animals' use of their environment is the total number of 
ten-second intervals during which each of the twelve types 
of event occurrede. These are presented in Table 1. These 
results give e general impression of how much the animal did 
whate It should be remembered, however, that the totals for 
the different variables are not directly comparable - 
pressing the Food Bar for a small food pellet, for example, 
is not equivatent to biting a (probably much larger) piece 
from a chunk of food in the Direct Food dispenser. It 


should also be remembered that the numbers for the first 
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animal are totals for 24 days, while those for the second 
animal represent totals for 18 days so that, for example, 
the second animal spent somewhat more time per day in the 
Nest Box on the average despite his smaller totale In order 
to make comparisons between animals easier, the table also 
presents the average number of responses per day for each 


variable for each animal. 


One cf the most obvious aspects of these totals is that 
there are two zeros and several very small numberse Could 
these represent the animals! failure to learn to operate 
some of the manipulanda, with small numbers representing 
rendom behaviour or unreliability (such as several of the 
second animal's 12 revolutions of the Wheel representing 
turning resulting from the animal's attempt to climb up the 
outside of the Wheel)? This is definitely not the case with 
the Lights and Radio for the first animale After this 
animal was taught to use the operant bar to obtain food, she 
started pressing the other three bars fairly frequentlye 
The frequency of turning on the Radio decreased to near zero 
over the next few dayse The frequency of turning on the 
Lights decreased much more slowly and had reached a non-zero 
asymptote by the beginning of data colltlectione There was, 
in fact, an increase in the frequency of turning on the 
Lights during the data collection (see Figure 1), though 
this increase was well within the bounds of random 
variability. On the other hand, the frequency of pressing 


the Empty Bar was still fairly high (aebout 30 times in the 
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“average" day) during the data collection phase of the 
experimente Thus the decrease in frequency for the other 
two measures should not be attributed entirely to improved 
discrimination and lack of reinforcement; the Empty Ber 
should have heen no more difficult to discriminate from the 


Food Bar than either of the other twoe 


The results with respect to the four operant bers could 
be considered somewhat embarrassing to a reinforcement 
theory of hehavioure The animal was initially shaped to the 
Food Bar end the reinforcement of the food certainly could 
account for the high tlevel of responding maintained 
throughout the experimente This bar-pressing tendency could 
easily generalize to the other three bars and account for 
the initial response to these barse It could easily be 
argued that the sound of the Radio was punishing and so led 
te a zero response rate as its contingency was learnede The 
relative response rates on the Lights and Empty Bar would 
seem to pose problems, however. The sustained high response 
rate on the Empty Bar implies that bar-pressing as such must 
have been a secondary reinforcer which could not be 
eliminated by improved discrimination -—- discrimination was 
presumably perfect judging by the absolute zero response 
rate on the Radio for over three monthse The difference 
between the response rates for the Empty Bar and the Lights 
must then be attributable to one of: greater similarity of 
the Empty Bar to the Food Bar, the ease of responses on the 


Empty Bar, or a punishing effect of the Lightse In overt 
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appearance - shape, size, texture, etce - the Empty Bar was 
less similar to the Food Bar than was the Lights bare The 
Empty Bar was out of the way in a corner where the animal 
spent less time than it did in the vicinity of the Lights 
bar, and the pressure required to operate either of these 
bars was comparable and substartially less than thet 
required to operate the Food Bare This leaves the 
possibility that the Lights may have been punishinge If 
this were the case, why did the response rate not fall to 


zero as discrimination became perfect? 


It should also be noted that the frequency of the Empty 
Bar peaked et a quite different time of day than did that of 
the Food bar (see Figure 3), a result which seems strange if 
it were the same motivational component underlying bothe 
These results are by no means irreconcilable with a general 


reinforcement viewpoint: they are just quite awkwarde 


The second animal had been in the cage for twe weeks 
prior to the collection of the data reported herein, not 
several months as the first animal had, and it is not as 
easy to interpret near-zero response rateSse The two weeks 
of as yet unanalyzed data should aid in this respecte The 
Empty Bar, the only variable with an absolute zero response 
rate, was in an obscure location in the cage thanks to 


modifications made to the Nest Box prior to collecting the 
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first animal's datae It is quite possible that the second 
animal just failed to find this bar and recognize it as 


Similar to the Food Bar. 


The Direct Food measure shows only four responses and 
it is quite possible that these could represent non- feeding 
behavioure It could not reasonably be said, however, that 
this animal could have faited to learn the contingency 
associated with this measure: the same kind of food the 
animal hed been accustomed to was there, exposed, and all 
the animal had to do was bite ite The food was quite 
prominently displayed. This animal did, in fact, nibble at 
the food; but the only pieces he ever ate were small ones 
the experimenter placed at the bottom of the dispenser such 
that they would come loose very easilye This animal went 
hungry for several days before he learned to obtain food 
from the Food Bare During this time the experimenter placed 
food similar to that in the Direct Food dispenser on the 
floor of the cage in sufficient quantity to keep the animal 
healthy but not to satiate ite This food was always eaten 
immediately, even though the animal would not eat from the 
Direct Food dispensere This animal's failure to eat from 
this dispenser thus cannot be attributed merely toa 


preference for the Food Bar pellets. 


The Water Pendulum shows only seven responses for the 
second animal and it is quite possible that the animal could 


have accidentally pushed the pendulum aside with no 
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intention to drinke However, the water level in this 
dispenser did fall fairly abruptly at one point during the 
experiment, so it is quite likely that the animal did in 
fact drink from this dispenser. There were more responses 
on the Water Pendulum in the two weeks' unanalyzed data than 


during the period reported heree 


The Wheel shows only twelve "revolutions" for this 
animale There was very little learning to do with respect 
to the Wheel and the animal was seen to enter the Wheel and 
rotate it within fifteen minutes of first being placed in 
the cageée Thus it could hardly be maintained that the 


animal had failed to "Learn" the Wheele 


The Radio bar was pressed fifty times and this number 
seems sufficient to suggest that the animal had learned its 
contingencye The Lights, with 23 responses, are more 
difficult to interpret. There is some reason to believe 
that there may have been a malfunction in the apparatus 
since all 23 responses occurred during the first three days 
of the data reported here and the number of responses per 
day increased for these three days (see Figure 2). It is 
not clear whether the 20 days of zero response rate on the 
tape represents the failure of the animal to press the 
Lights bar, or some malfunction of the apparatus which went 
unnoticede As of the time that the experiment was 
terminated, the signal from the Lights switch was getting at 


least most cf the way through the interfacinge It is 
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possible that further electrical examination of the 
interfacing would reveal an unreliable componente 
Examination of the as yet unanalyzed data (recorded prior to 
that reported here) might indicate whether the increasing 


response rate was part of a longer trend. 


A comparison of the total responses for the two animals 
on each measure should give some general idea of their 
similarities and differences with respect to their use of 
the experimental environment. It will be noted that the 
second animal made considerably more use of the Food Bar, 
which is hardly surprising since he did not eat from the 
Direct Food dispenser whereas the first animal ate from 
bothe It is not at all certain that the difference is 
entirely attributable to the second animal's need to 
compensate for not eating from the Direct Food dispenser: it 
could also be that the second animal made more unreinforced 
responses on the Food Bar, having had tess time in the cage 
to learn to estimate the length of the period when food was 


unavailable following a reinforcement. 


The pattern for the two water measures is somewhat 
Similar to that for the two food measures: the first animal 
used both approximately equatly while the second used the 
Capacitance Water to the relative exclusion of the Water 
Pendulume Unlike the two food measures, the two water 
measures mey be considered more or less equivalent to each 


other in that the same kind of water was obtained from the 
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same kind of dispenser; one dispenser just had a pendulum in 
front of ite It thus makes sense to compare the total of 
the two measures for one animal with the total for the 
other, yielding a two-to-one ratio for the number of ten- 
second intervals during which the second animal vs the first 
"drank" from either sourcee Since drinking is a basic 
activity required to sustain life and is regulated within 
fairly narrow bounds by physiological factors, it seems 
reasonable to assume that the animals did not differ by a 
factor of two in the amount actually drunke It seems more 
likely that the two animals differed in the amount they 
drank per response counted by the recording devicee it 
should be recalled what a given number of responses 
represents: it is the number of ten-second intervals, 
defined by the interfacing, during which the particular type 
of behaviour occurred. Whether the animal drank 
continuously throughout a given interval or for only a 
fraction ef a second, the recorded response was the Samé€e 

It is quite likely that the second animal took more numerous 
but shorter drinks than the first; this hypothesis is 
substantiated by the much lower autocorrelation at short 
lags for the Capacitance Water for the second animal than 


for either water measure for the first animal. 


The first animal made extensive use of the Wheel, while 
the second mede virtually no use of it. The second animal 
made substantially more use of the Climber than did the 


firste The pattern for these two measures is similar to 
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that of the previous measurese Since both the Wheel and the 
Climber are related to overall activity, it is tempting to 
conclude that the second animal was "compensating" for his 
failure to use the Wheel by climbing more and that if he hed 
used the Wheel he would have climbed lesse This conclusion 
is not warranted however without further evidence. Such 
evidence could have been obtained by periodically preventing 
the first animel from using the Wheel and observing whether 
there was an increase in the amount of climbing (with 
appropriete controts). It is also quite possible that the 
larger number of responses for the second animal represents 
more shorter periods on the Climber without more total time 
spent on ite It should be mentioned, however, that the 
Climber was used largely as an access to the top of the 
frame tiolding the Wheel so that many of the responses of 
both animals represent only brief periods of time on the 
Climbere The Climber was actually quite small for a rat and 
the animals could climb up it and ontc the frame of the 
Wheel in only a second or SOc Ideatly the Climber should 
have been substantially larger so that the animals would 
have spent more time climbing before reaching the tope If 
it were the case that the second animal used the Climber 
more frequently but for shorter periods of time, it is 
likely that the conditional probability of response on the 
Climber given previous response on the Climber would be 
smaller at short lags for the second animal than for the 


firste This probability is greater for the second animal at 
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lags of up to two minutes but then the lines cross and the 
probability is greater for the first animale Thus these 


graphs do not shed much light on this questione 


The seccnd animal appears to have spent a substantially 
larger proportion of his time in the Nest Box than did the 
first. This is not very surprising since the first animal 
slept elsewhere much more frequently than the seconde ie 
wilt be noted that the second animal's total for the Nest 
Box is about 44% of the maximum possible (ieee of the 
sample size). The comparable figure for the first animal is 
324%- Clearly the Nest Box was an important place for both 


animals. 


A comparison of the overall totals for the two animats 
leaves an impression of the second animal as somewhat 
restricted in his use of the environment. Even when hungry, 
he would not eat from the Direct Food dispenser; he 
generally preferred not to drink from the Water Pendulum 


dispenser, and he avoided entering the Wheel. 


ail < 


Figures 1 and 2 present the total number of responses 
for each variable for each day for the first and second 
animal respectively. The abscissa of each graph represents 
days, each day beginning and ending at noon (when the 
animals were generally inactive )e The ordinate represents 


the total number of responses for the particular variable 
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and day on a logarithmic scale [ y=a( log( xtb)-Log(b))]- 
These graphs will not be discussed in detail but there are 


several interesting features to be noted. 


One of the most striking features of these graphs is 
that there are several "holes" in them: places where the 
number of responses suddenly falls to zero for one or more 
days. As mentioned previously, severat of these instances 
clearly can be attributed to equipment failures, mostly of 
timerse There is neo indication that any of these correspond 
to failure of anything to "work" for the animal. The 
instances which can clearly be attributed to faiture of a4 
timer are the Direct Food, Wheel and Urination for the first 
animal. The drop in the Empty Bar for the first animal 
almost certainly represents a failure of the animal to 
respond, since only the switch itself and the interfacing 
and tape drive were involved, and no difficulty was 
experienced with any of these. The zero response level on 
Urination for the second half of the second animal's data is 
attributable to a broken wire on the elimination grid as 
discussed previouslye The zero response rate on the Lights 
for the second animal after the third day is difficult to 
interprete There was apparently no failure of the 
appa ratuSe It is quite possible that this animal pressed 
the Lights bar until the contingency was thoroughly learned 
and then abruptly stopped, having "satisfied himself that 
there wes nothing new to ltearne" The unanalyzed data may 


shed some light on this possibility: it could be that this 
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animal had pressed the Lights at a much higher rate when he 
first learned to press a bar and then gradually decreased 
his response rate to nearly zero by the first day of data 


reported heree 


Figures 1 and 2 reveal generally quite a bit of 
variability from day to day with much more for some 
variables than for others and generally less variability for 
the second animal than for the firste Since the overall 
level of responding is quite different for different 
variables, it is somewhat difficult to compare the day-to- 
day variability between variablese Comparing absolute 
differences from day to day for one variable with absclute 
differences for another variable does not make much sense 
when the totals differ greatly; a difference of 30 between 
50 responses one day and 20 the next for one variable is not 
the same as e difference of 30 between 500 and 470 for 
another variablee Comparing ratios of responses can also be 
misleading; one expects a greater percentage variability 
between successive small numbers of responses than between 


successive larger numberse 


The Focd Bar and Direct Food for the first animal vary 
from about 150 to 500 and from 3 to 75 respectively 
(excluding the "hole" in the latter).e The Food Bar for the 
second animal has a range of about 130 to 10003; however, the 
130 is quite outside the normal range of variability and 500 


might be considered a "typical" minimume The overall 
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impression is certainly one of less variability for the 
second animale The variability is quite substantial 
considering the obvious importance of food to the animalse 
It will be noted that the two food measures tend to covary 
negatively for the first animal, suggesting that the two may 
substitute for each other and that the variability in this 
animal's food intake may not be as great as the variability 
in either food measuree This covariation could also account 
for the difference in variability between the animals since 


the second did not eat from the Direct Food dispensere 


The two water measures for the first animal vary 
somewhat more than the Capacitance Water for the second 
animal (the Weter Pendulum being essentially unused )e Again 
the two measures covary negatively over days so that the 
total of the two water measures for the first animal may not 


vary more than the Capacitance Water for the second animale 


The variebility of the Nest Box for the first animal is 
quite large - from about 175 to over 7000 - and is much 
larger then that for the second animal, not too surprisingly 
since it has already been noted that the first animal often 
slept in the Wheel. The variability of the Empty Bar for 
the first animal is also quite large - from zero to 150 


responses in a daye 


The variability of all four elimination graphs is 
extremely high and represents substantial changes in 


sensitivity of the drinkometers and, in the case of the 
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Defecation graphs, instances where feces stuck to the grid 
causing repeated recording of Defecation until discovered by 
the experimentere Any correlations at lags Longer than a 
few hours will be more a function of the periodicity with 
which the experimenter checked the apparatus than of the 


animals! behavioure 


There are certain basic needs of the organism - food, 
water, rest - and these cannot vary greatly for substantial 
periods of time. Even if the animal feels "Lazy" on a given 
day, we expect it to eate Cther behaviours are much more a 
matter of "preference": if the animal does not feel very 
energetic, why should it run the Wheel? Although it is by 
no means necessary, one might expect to find greater 
variability from day to day in unessential activities than 
in activities associated with basic needse For the first 
animal the Nest Box, the two food and two water measures do 
not appear to vary less than do the Wheel, Climber, and 
Empty Bare The second animal used only one source each of 
food and water and only two unessential variables, the 
Climber and the Radio.e The Climber varied more than did the 
foed or water measures while the Radio varied less, insofar 
as its smaller numbers are comparable at alle Overall it 
does not eppeer that the individual unessentialt measures 
varied more from day to day than did the basic measureSse It 
is still possible that the total amounts eaten and drunk 
might vary tess than the unessential variables; however, if 


the two food and two water measures were aggregated to form 
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some kind of overall measures, then perhaps the unessential 
ones should also be aggregated, theugh how to do this is a 


more difficult questione 


An examination of the graphs for the first animal 
indicates a general similarity of shape (except for the 
"holtes") of the Direct Food, Water Pendulum, Climber, Wheel 
and Empty Bar which is not shared by the Food Bar and 
Capacitance Watere This similarity may be attributable to 
something like an activity component which one might expect 
to be shared by the Climbers; Wheel; Empty Bar (since it is 
unessential)$; the Water Pendulum but not the Capacitance 
Water (since the former is clearly more effortful than the 
latter); and the Direct Food but not the Food Bar (since the 
former involved the effort of biting a piece from a 
relatively hard food chunk and chewing it, while the pellets 
associated with the latter were much scfter and were 


obtained with much less effort). 


The terms "similarity", "variability", and "covary" 
have been used above in discussing the series of daily 
totals, and such terms bring to mind the more precise 
concepts of variance and correlatione It would certainly be 
possible to calculate the variance of each total and the 
correlation of the daily totals for each pair of variables. 
The number of days is not sufficient, however, to place much 
confidence in such results, even if the substantial holes 


did not existe One would probably want at least 50 days'® 
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deta for each animal to meke these calculations worthwhile. 
Reliable estimates of the correlations of the daily totals 
could be quite informative. If two measures were tlargely 
measures of the same underlying motivational component, such 
as the Food Bar and Direct Food for hunger, one might expect 
them to be substitutable for each other - to the extent that 
the animal did one, he would not need to do the othere This 
would likely lead to a negative correlation of the daily 
totals. If the correlations of the first measure with most 
measures irrelevant to the particular motivational component 
which the two shared were similar to the respective 
correlations of the second measure with the same variables, 
our belief in the underlying component would increase 
greatlye It is quite possible to calculate certain 
constraints on the magnitude of the various correlationse 
For example, if the correlations of two measures (say A and 
B) with the same "other" measure (Q) were both 0°¢5, the 
strongest negative correlation they could have with each 
other would be -0e5 to make the correlation of A and B given 
Q equal to -1¢0-e Thus the magnitude of the correlations 
need not be great, if the pattern fits, in order to make 
inferences to underlying componentse The number of 
constraints increases very quickly as the number of 


veriables increaseSe 
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Figures 3 and 4 present the average across all days of 
the number of times each type of event occurred in each 15- 
minute interval of the daye The abscissa represents time of 
the day in 15-minute intervalse The ordinate represents the 
average number of responses, ona logarithmic scale 
[y=a(log( xtb )-log(b))]- These could be described as graphs 
of wheat each animal did when in the "average" daye Of 
course the "average" here, as with the mean of any variable, 
need not be in any way "typical". Since the ordinate of the 
graphs is not based on equally spaced intervals but rather 
is based on a logarithmic scale, a difference of one quarter 
of an inch of height on the graph might correspond te a 
difference in number of responses from about 20 near the top 


of the graph to one half near the bottome 


It will be noted that the size of the fluctuations of 
some of the variables is quite remarkable - for exemple the 
Food Bar for the first animal drops from a mean of almost 
ten responses during the interval from 2:15 to 2:30 aeme 
down to a mean of about one tenth of one response during the 
interval from 3:00 to 3:15 aeme Such extreme fluctuations 
imply that the animal's "biological clock" is quite accurate 
indeede In this case the clock is being driven by 
photoperiodicity (and perhaps other periodicities), but the 
greatest part of the activity is taking place during the 


night when light cues will be the least precise and there 
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is, in any case, considerable variability from day to day 
attributable to changes in the weathere At this time of 
year (January and February) and latitude (54 degrees north) 
the period of daylignt was changing fairly quicklye The 
three dips in the Food Bar for the second animal around 
3:30, 5:30 and 8:00 aeme are particularly striking (note 


also the similarity to the Capacitance Water). 


The regularity from day to day implied by the graphs of 
Figures 3 and 4 contrasts with the variability from day to 
day implied by some of the graphs of Figures 1 and 2-6 These 
results are not contradictory, however; they indicate that 
the patterning of responses within days was fairly regular 


even though the level varied across dayse 


The extreme dips, and the correspondence between graphs 
of some peaks and troughs but not others, suggest that, 
though the patterning of responding is complex, it is not 
fortuitouse It appears that there are several underlying 
components, each of which has some temporal patterning, and 
that two or more of these may contribute to responding on 
each variable. Thus two graphs will appear similar to the 
extent that they share underlying components but different 
to the extent that they do note This possibility suggests 
that it may be possible to identify these underlying 


components by further analyses of the pairwise similarities 


54 


(arene ses aet or, ob wen Ceraireed 
ott wleolep gitial eataasds dav totpt: 


bavotn Jeune brows @(* om awh honk « 


eton) en iiiiate “laslool*sed e296 ottet. onee ow | 
ao? See sone? tanqn9 ai oF ve rab a 
ged i 7 


~ 7 2 


fo sige cw: ef? vet Sehequt sa n+ yveb wont Vise qaee ems 7 


“9 


 eF web more Fil at-ee, oat aniw Start Gos > tee 6 anette 


- 
avad?T s ‘bane 1 ae3vgia to adqets eA? To spe sa netiqnteye = 


Pade eter lGal Yedt i revewodl retaivevtnes na ore efumen / Ue 
sefuner vir) or wow = tals vee te aeenonse to gelwratieq ef? | 7 7 
+278b @totes beltayv fovel ett dauved? seve - 
. - - 


sqeenh oeswted aanehacgapanls adt has rea snon?xe eat - *S 
: Loa 6 ; 
stant tRenne=-\ 27" pate ron Tud adpio2t baw sheee eGo Bo ee 


. 
ton @1 ti , eel onios asi pibacddaen “re antavgt tsa ana? denoas) | 
a 


gmotes+ehaw Ter4avee ons eto? red anaeqae 7 coh TOE 


bre akeatres, jae voqneat shoe ead, Aoki ¥o 40.09 yetaenoames: ms 
| a 
na. artbbenp ot 2¥ USI RIAD > % oan abet to stom FO owt town a 7 
J ere 


ons or tad Ani he +o ays rth oie pee, owt mune" -efitntray doa 
tment bia hoe of semenane. Bn betesna ovede = had ¥ a 
ahaa et ftom a nite tthe teehee 
“mabe tn aba wradh yt tinetd at aiidenon me | 
ek rol ile omelet han mn te eee 


t 


55 


of the variables, perhaps through spectral analysis or 
factor analysis of some derivatives of the raw data 


variables. 


The graphs for the first animal display a distinct peak 
in activity around 9:00 peme, followed by a decrease in 
activity from about 11:00 peme to midnighte After midnight 
the situation is tess clear: some graphs show only a jagged 
broad increase in activity while others, most notably the 
Food Bar, Direct Food and Empty Bar, show evidence of 
separate peakse It appears as if there may be three 
separate peaks: 2 to 3 aeme,y 5S to 7 aeme and a smaller peak 
at 8 to G9 e@eme Insofar as the Nest Box is used for resting, 
one might expect substantial dips in its graph corresponding 
to peaks in other variables. The fact that this is not the 
case is likely attributable to the fact that the Nest Box 
graph could be interpreted as the "sum" of two "underlying" 
curves, one representing resting and the other representing 
entering the Nest Box as part of exploratory behaviour. 

This animal was often seen to enter the Nest Box for periods 
of only a few seconds during periods of general mobilitye 

It would Likely be possible to separate these two opposite 
tendencies by examining the duration of occupancye 

A frequency distribution of durations would probably be 
bimodal with durations in the range of one to ten minutes 


almost non-existente This particular variable might prove a 


SF dia keen 


" : ’ > ar 
= 7 , 
: i, - — So ‘ 
daey taniteiti s vetueth Tan ten rast? oly act ota 
7 i. ore fi 
6 
at aes75- > 6 2 Beer fiat eee OO: 9 panei ae dell i 
| 7 ; yas a a 
Pigtcbia tettaA§ 3 .hiteioblm oF ewe OUEIE guoda wand e ito. 
, . a.’ pa 
beepel &@ vihb wode edqaty ance traelo anes et weltaet te ent 
et? “fdetoan tenw .eetro slhidw etivitoe «i esa@roal baowd 
: i ] 7 : . 
“ 36 @ocetive wode _inl tis phe hood toerkd »498 book 
; H ao a eT 
7 <a ; ; : - _ 
oe eerie? of vew erent? £1 aa aradena tT -ataeq efe7aqea 
? ® F ” ; ~ 
aee@q "2 f Jeas wi é ot @«& + »¢ a4 vyaVWek EE oF & Tmale 24 otevts -_ 
bd ‘ j _ 
snolfteet trot baeenw 6) 228 tank j & Talevered ont 9 Gof ® Ss 
ee beyerg roo Nee ) i ald 'toeeledves TreqKxe ttm v0 
“art? 709 a 2 ‘ j ’ ie ¥ a7 edt Pr) 5 ‘+ y Tree #0 rs anmeg: ae 
. , — 
§ ec it 2 i? + o89 eat ‘ot sidaraa im ra riegit i, oe 
1 rt - 5 a | = ‘ =e. a 
‘notetueheu” owf to "gve” e4f a best ory se tori wt tf uoOD qa: 
ie | s ny 
bint tnaeeqgqes ahclfiy ett be ‘fees soltonseoetgqet veo ewewn 
: : - 
ve sited yrotarcigne to t64 ee cov toon off gabsotae 
4 ene ' . - i Z 
\ _ - 
: a a : 2s : 
ebGineg 70% x04 te anf Seine of doe jar th naw domes @ 
‘ a ; Pow, : a an . ‘a 7 a 
= - : ‘ wo - , “ie x - 
eetiticow Javousy ta @bolry inivuh Riu sen ao®y a) ¢fae a 
paw 8 vi \ ; 
es? ieoqes owt ‘eneat st esadee oF fg laeag aa ciaX teen 


eV¥onauun7rse Fo noltoruh (* -imax> of@ swe bos 
; VEN ine cc ribibi 


v =\p )t a 
. -~ 
Pes tc ed »bi¥ Ht) 9% blunts ann u Tae lo nto Sele a Fw >. “on ory 


; " bs 
» 7 , on - 
{ i . 
or we hpate net of ano to ies oie bl “mt arr 
es. ~ 7 
So vite Pa 2 */ininew sia ar ae 
I ‘es Zz 


7 "ee, 1 : o£ Snes 


56 


useful reference for evaluating potential techniques for 
separating underlying components: the best of these 


techniques could then be tried on other variablese 


The graphs for the second animal show much more 
activity during the daylight hours than do those for the 
first animel, not very surprisingly since the second had 
pigmented eyes and could see perfectly well in bright tight 
while the first lacked pigment and therefore did not see 
well in bright lighte There may, of course; have been other 
strain differences, sex differences or differences in 
rearing which contributed to the daylight activitye This 
animat shows one broad major peak of activity of five to six 
hours centred about midnighte The afternoon and early 
evening from about 1:00 to 9:00 peme could be considered as 
including one or two peaks, less well defined and tess 
activee There is also a fairly substantial peak from about 
9 to 11 aeme The similar pattern of steep peaks and troughs 
in the early morning for the Food Bar and Capacitance Water 
is very strikinge There is some tendency for dips in the 
Nest Box during the middle of the night and about @ to il 
AeMe to correspond to peaks in the other variables. The 
sharp peak in the Nest Box graph at 11 peme does not appear 


to correspond to any of the other graphse 


Cathoun (1963), studying wild-caught rats living 
outdoors in a colony, suggests that rats show two peaks in 


activity, one shortly after dusk and one shortly before 
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dawne He differentiates these peaks only to the extent that 
the first is larger than the seconde His description does 
not do justice to the complexity of the graphs just 
considered, where there are a number of different shaped 
peaks for different variablese There are, of course, many 
possible reasons for his simpler description, including the 
fact that he was observing the aggregate activity of several 


animalse 


Lagged Correlations and Conditional Probabitities 


Cne generatty thinks of the correlation between two 
variables as a symmetric function of these arguments: the 
correlation of X and Y equals the correlation of Y and Xe 
However, the correlation between two variables as a function 
of the lag between them is not symmetric about lag zero: in 
general the correlation between X at time t and Y (different 
from X) at time ttk is not equal to the correlation between 
X at time t+k and Y at time te Therefore the number of 
distinct lagged simple correlation functions generated by N 
variables is the square of N: in this case there are 12 
variables for each animal and 144 series of lagged 
correlationse The same case holds for any particular form 
of partiat correlation and for conditional probabilitiese 
In this study, with two animals, twelve variables, simple 
correlations, one form of partial correlation and one form 
of conditional probability, there are in principle 864 


series of almost 1000 numbers eache However, some of the 
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variables in this study had almost no responses and 
therefore variances of approximately zeroe These a priori 
uninteresting series were not graphed, leaving 471 series 


actually drawn. 


Almost 500 series of almost 1000 numbers is still too 
many to present and discuss. Some fairly drastic form of 
data reduction is still necessary. There are several 
possible approaches to this problem; tnhowever, all of the 
rigourous mathematical procedures are very complex and none 
has been applied to this type of data in order to have had a 
chance to be found satisfactorye In the absence of any 
reasonable precedent, the calibrated eyeball was employed to 
select several "interesting", "representative" graphs for 
inclusion as Figures 5, 6, 7 and 8&8. It will be noted that 
none of the graphs for the second animal has been included: 
these do not differ systematically from those for the first 
animal, except that more of them were eliminated for lack of 
variance before the 471 were drawn. It will be noted also 
that none of the partial correlations is includede The 
partial correlations are interestingly different from the 
Simple correlations, but the general differences can be 


described fairly readily without the need for examples. 


There are a number of general features of the graphs in 
Figures 5, 6, 7; and 8 which should be notede First, it 
should be remembered that the time scale of the graphs 


changes at the dotted vertical lines, becoming more 
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compressed by factors of 6, 10 and 3 at the three vertical 
lines respectivelye The ordinate is on a logarithmic scale, 
with negative values being transformed as the negative of 
the trensform of the positive values rather than the 
transform of the original negative values (which transform 
does not exist in the real number system). The value on the 
graph, y (in inches above the abscissa), as a function of 
the correlation, xy, is y=sgn(x)a(log(abs(x )+b)-log(b)), 
where a and b are scaling factors which are the same for all 
of the graphs and sgen( x) is the signum function, which takes 
the value +1 if x>0, 0 if x=0 and -1 if x<0. Because of 
these two non-linear transformations, features will become 
more compressed horizontally in successive sections of each 
graph representing longer lags and more compressed 


vertically as distance from the abscissa increasese 


It may be seen from some of the correlations that there 
appear to be definite lower limits which are not equat to 
minus onee Such limits exist for atl the crosscorrelations 
and correspond to conditional probabilities of zeroe Both 
the correlations and conditional probabilities also have 
maximum possible values which are generally less than onee 
In the case where the variables are binary, taking only the 
values zero or one, and where the number of ones is less 
than the number of zeros for alt variables, as is the case 
here, formulae for the maxima and minima are relatively 
simplee Assuming that N is the sample size; that ny, and no 


are the number of responses on variables 1 and 2, and for 
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convenience that ny < no, these formulae are: 
1) the maximum possible value of the autocorrelations is 
1.0 
2) the maximum possible value of the crosscorrelation is 
1-0 whenever n4=no2 
3) the minimum possible value of the autocorrelation of 
variable 1 is -n4/(N-n, ) 
4) the minimum possible vatue of the crosscorrelation is 
—nino//N2nq no-Nnq 27-Nno2+ny Zn? 
5) the meximum possible value of the crosscorrelation of 
variables 1 and 2 is 
(Nna-nino)// N@ngno—-Nnyno Z-Nny Znotny Zn 2 
6) the maximum possible value of the conditional 
probability of variable 2 following variable 1 is 1.0 
7) the maximum possible value of the conditional 
probability of variable 1 following variable 2 is n,g/no 
&) the minimum possible value of allt conditional 
rrobabilities is 0.0 (since ny,n2<N/2)- 
Fer any correlation the absolute value of the minimum given 
in 4) above will be tess than the maximum given in 5) above, 
the ratio of these numbers being no/(N-n2o), which will be 
quite small when no is a small proportion of the sample 
sizéee Tables 2, 3 and 4 present the maximum and minimum 
possible values of the correlations and the maximum possible 
values of the conditional probabilities respectively, for 
those variables having a sufficient variance for their 


grephs to have been drawne A comparison of Tables 2 and 3 
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indicates that the maximum possible values of the 
correlations are generally quite a bit larger than the 
absolute values of the minimum possible valuese A 
comparison of these two tables with the graphs of Figures 5 
and 7 reveats that the correlations often fall to the 
minimum possible values and even remain there for 
considerable numbers of lags, whereas the maxima ere 
approached only infrequently, with the exception of the 


short-lag autocorrelations. 


There are also "between-lag" constraints for each 
correlation or conditional probability functione These are 
generally more complicated to express and less 
interpretively significant than is the case for the above 
resuitse Among the simpler of these constraints are the 
facts that the average across lags of the conditional 
probability is approximately equal to the unconditional 
probability of the lagging variable, and that the average 
across lags of a correlation is approximately zero. (The 
word "approximately" is used instead cof a more precise but 


complicated statement regarding limits at infinity. ) 


One of the most striking features of these graphs is 
the very strong periodicity. The periodicity ranges from 
that of the autocorrelation of the Nest Box, which is very 
smooth with almost no variability at any period other than 
24 hours, to that of graphs such as the autocorrelation of 


Food Bar, with very complex repeated patterns. It will be 
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noted also that the correlations generally do not show a 
gredual decrease over days, suggesting that the underlying 
processes are genuinely periodice Correlations such as 
these would appear to be ideally suited to Spectral Analysis 
and might be expected to yield clean results without the 
types of compensating manipulations often required in 


estimating power spectra (Blackman and Tukey, 1958). 


The dominant period in these graphs is clearly 24 
hours; however, there are many short-lag components 
superimposed over the basic frequencye It will be noted 
that the autocorrelation of the Empty Bar shows a peak not 
at 24 hours but rather between 22 and 23 hours and that the 
Wheel shows small troughs within broad peaks at 24 hours and 


48 hourse 


The information contained in the simple correlations is 
largely redundant with that contained in the conditional 
probabilities and one might question the usefulness of 
calculating both and wonder whether one is uniformly 
preferable to the other. The correlation is certainly more 
common in the biological sciences and has some well-known 
properties. It has a natural zero which corresponds to a 
lack of relatedness and it takes both positive and negative 
values which are meaningfully different. To this zero point 
corresponds the unconditional probability, a point which 
varies from graph to graph, with conditional probabilities 


less than the unconditional probability corresponding to 
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negative correlationse The conditional probability is not 
symmetric about the unconditional probability the way the 
correlation is about zeroe On the other hand, we have seen 
for this study that the correlation is not reatly symmetric 
about zero in the sense that the absolute value of the 
minimum possible value is less than the maximum possible 
value, so that the symmetry is partly an illusione The lack 
of symmetry in the conditional probability is even more 
pronounced when the function is graphed on a logarithmic 
scale, as is the case heree It is difficult fer an 
individual to compensate mentally for the compression of the 
conditional probabilities below the unconditional 


probability. 


The correlation, being a moment about the mean, 
compares the values of a variable te its average value and 
thus it is possible to compare the correlations of different 
variables. In the process of doing this information must be 


discarded which is retained by the conditional probability. 


For these and other reasons, it seems preferable to 
examine both the correlations and the conditional 
probabilities, pending further experience with this type of 


datae 


Although the extremes reached by many of the series of 
correlations ere not large in absolute value, they should 
not be judged too small to be of practical significance as 


quickly as one might so judge a single correlatione The 
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extent to which activity on one variable during a period of 
time is predictable from activity on another during a 
previous period of time may be quite substantial, even if 
the average value of the correlation is only e001. 
Unfortunately the correlation coefficients obtained from the 
same pair of variables at different lags are not independent 
and so the above tyve of predictability is not easy to 


estimatee 


Even the most cursory glance at the graphs of Figures 5 
and 6 indicates that there is considerable diversity among 
them and complexity within some of theme These factors 
suggest examining each relation individually and therefore a 


few words will be said about each in turne 


The first few lags of the Food Bar show a pattern very 
similar to that of a damped harmonic oscillation, such as 
the displacement of a pendulum which is released and allowed 
to swing freely subject to considerable frictione The 
reappearance of similar patterns at various places within 
the first half-hour of lag suggests that the oscillation may 
be not only damped but subject to interference from another 
component of different frequency - analagous to the "beats" 
produced by two slightly different pitchese The main 
frequency is produced by the fact that the Food Bar is on an 


FI-20 second schedule, which should produce repeated 
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patterns of responding somewhat more than twenty seconds 
apart (since the animal is reinforced for the first response 
after twenty seconds have elapsed since a reinforcement )e 
Even though the animal may begin responding less than twenty 
seconds after the previous reinforcement, the pattern must 
have a period tonger than twenty seconds. The "interfering" 
frequency does not appear directly on the graphs; it is the 
sampling frequency of the apparatuSe With a period of ten 
seconds, this frequency is somewhat less than one half the 
frequency of the behaviour. Had the sampling frequency been 
on the order of once per second or higher, the interference 
would not have been produced and the oscillation of the 
behaviour would have appeared much more stronglye This type 
of effect demonstrates why the sampling frequency should be 
kept substantially higher than the frequency of any effect 
of substantive interest (which the FI-20 schedule is not in 


this study )e 


The section of the Food Bar graphs representing lags 
from one half hour to four hours appears to have two 
dominant components in addition to the general downward 
trend, one component with a period of slightly tess than one 
hour and one with a period of about 30 minutes. At lags of 
greater than four hours these graphs become quite jagged and 
it is difficult to distinguish periodicities other than 24 


hourse 


65 


etaee? sae? seat taloreaasy wiged Yaw seadae ea iA 


st tiemertetelo «4 obit Wein inineatt 


tase mneateand ed) ytoegerro! ier egolveta sat tePhe 
‘gntre retro” eff «abnoote ore? asd? ranned volumes mead, 
eft «| t! g@daqeta ont a0 ¥ | wiroo th ee oon Comm pe om 
wet Yo Meine 2 72W 1S areggqa Bat Ye couniiar® acl! gaan ce 


ont OSet eho rad? aaal Tetremoa et yortueer® 264% »abnoose | © ten 


it 
nee ch yand@upes? unilaqnuee ett bak - ewoliwalte4 ott Ea Yoney peat ea : ; 


seein ta ant ,tretaiid't9 beasen 94 <a to sebto aff imal aie 


o4* “Te no ktel 54 ja) of? a baauberg meet oved tos lnc a 
Ves 


eqyr @iniT »evigcort] erom Hoven bacejaqs “vs bivow ~wawananeel 7 


“i 9 ae 2S ro 


od (pluste Waten naret gil Saves ont ut a> +d eine toetts to on - 
e : : a /- ; Al fa 

fowtle {ae To yorecpett Sit? tad? recut ei ielrnetadee caed tah 
i A. , vary 
nt ton 2) eTotato= Of=l4-entt notdw) teeters? ovitnatadiee to 7 


a a | 


anes! yal tnsantae> biigaetg i898 boeod asia, Py aka att Oy 


e 
a evyot of 7 meee @ eT rh eee cad aio a wet ane sont : a 


+) — ot Ld 


ei 


ee a: 


i ‘ e 4 wy ; . a 
® : id — 7 
Very es i ay ay : : 


7 


“ba awawar fere0nm a Pedy no 2 tah babs bebe bc, ead tweaks fay, 
anc madt ment (Pyawi te tc ibotsaa 7 ant hanoanoa olde : — a 
to epal fA ‘eaerhna In OG unde de wot » Ht be va bee 00h 9 
bite ‘Smeal oF bie eh +24) gee eo naan ‘ ‘tae yy 7 
te Aad? andes oe fede cane ve a ee 
: : ; i 7 


The autocorrelation of the Direct Food shows the 
"floor" effect of not being able to become more negative 
than the vatue of -¢003 given by Table 3. The Direct Food 
graphs are quite spiky with even the 24-hour periodicity 
difficult to seee There is a tendency for the graphs to 
fall quickly from lags of zero to about five minutes and 
then have a hump from about 5 to 15 minutes of lage There 


is a substantial rounded peak at about 70 minutes!’ lage 


The Weter Pendulum graphs ere similar to those for the 
Direct Food in several respects: they show the "floor" 
effect quite clearly; they are very spiky, and they fall 
quickly from lag zero, this time to about lag three minutes 
with a very pronounced hump from lags 3 to 13 minutese The 
flat minimum from lags of about 19 to 2344/5 minutes results 
from the fact that out of a total of 1237 "drinks", none was 
ever followed by further drinking from this source within 


the period from 19 to 23!/5 minutes leter. 


The graphs for the Capacitance Water fall very quickly, 
right to a conditional probability of zero at lag four 
minutese Of 1491 "drinks" from the Capacitance Water in 24 
days, never was the animal drinking at one time and then 
agein at any time between 4 and 61/2 minutes Latere These 
graphs ere quite spiky with a clear 24-hour periodicity and 


substantiel components with relatively short lagse 
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After falling a certain amount over the first ten 
minutes or so cf tag, the graphs for the Wheel remain 
relatively high for lags of up to about one hour. This 
relatively flat region reflects in part the fact that the 
animal sometimes ran in the Wheel for long periods of timee 
It also reflects in part the animal's tendency to enter the 
Wheel repeatedly during extended periods of activity. It 


will be recalled that this animal often slept in the Wheel; 


however, such periods are not included in these graphs since 


it was turning of the Wheel which was recorded, not mere 
occupancye It is interesting that the animal never ran in 
the Wheel at about three hours after having done Soe These 
graphs show quite distinct peaks at 24 and 48 hours and 
troughs at 12 and 36 hourse There are also quite 
substantial lesser components with periods of 4 to 5 hours 
and 7 to 8S hourse Figure 9 presents the section of the 
auto-conditional function from lag four hours to teg 48 
hours, with the three clearest components sketched in 
roughly tbelowe There is atso a good deal of short-period 
jaggedness superimposed on these relatively long-period 
cemponentse With almost 2000 reponses on this variable, it 
seems reasonable to assume that most of the jaggedness can 
be attributed to the nature of the animal rather than to 
sampling error, as might have been the case with, say, the 


Direct Food which had only 557 responsese 


The graphs for the Climber, like those for the Wheel, 


tend to fall quite quickly from lag zero and then level off 
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to lags of over an hour, though here the "Level" portion is 
quite jagged and not much above a conditional probability of 
zeroe At longer lags, these graphs look very jagged with 


only the 24-hour periodicity reasonably easy to distinguishe 


The graphs for the Nest Box remain very high for a 
large number of lags and are extremely smooth compared to 
all the others. It wilt be noted that at longer lags the 
troughs are wider than the peaks: i.e@ee the graphs are 
negative at more than half the lags within each cyclee The 
Significance of this fact is not clear: on the one hand it 
is tempting to attribute some characteristic to the animal, 
but on the other hand, the graph cannot become more negative 
than the value of -°*507 given in Table 3, whereas it does 
become more positive than +e507, and the average over all 
lags must be approximately zeroe Although the animal tended 
to remain in the Nest Box for tong pericds of time, it also 
entered the Nest Box for short "exploratory" periods of time 
during periods of peak activitye These short duration 
entries result ina distinct drop in the graphs over the 
first 2 or 3 lagse This drop is not visible with the degree - 
of reduction used to produce Figures 5 and 6 , but was quite 


clear in the original graphs drawn about three times largere 


The graphs of the Empty Bar drop very quickly over the 
first three lags and then very slowly to lags of aimost an 
houre There is a substantial peak at lags of about 3 to 4 


hours and another at lags of 22 to 23 hours, with relatively 
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Low levels in the vicinity of 24 hours of lage It is 
difficult to interpret this latter peak, but the peaks near 
multiples of 24 hours suggest that there is likely a 
component at a period of approximately 24 hours, with 
another component which is interfering with ite If the 
period were really 22 to 23 hours, one would expect peaks at 
Q2eBeeeveyKS times that period, rather than at 2 to & dayse 

The eighth peak would occur several hours before the lag of 
eight dayse The interfering frequency could well be that 


represented by the peak at 3 to 4 hourse 


Groups of Auto-reltlationse We have seen that the graphs of 
Figures 5 and 6 are complex and diverse, with some 
repetition of similar patterns within graphse The question 
which now comes to mind is: are there any similarities 
between graphs, other than the 24-hour periodicity, which 
would alttow any further organization and interpretation of 
the variables? It might be anticipated that the a priori 
pairs - the two food variables, the two waters and the 
Wheel/Climber pair - should display some similarities and it 
would not be surprising if other groupings showed 


similarities indicative of common underlying componentse 


The graphs of the two food variables could hardly be 
considered as strikingly similare This tack of similarity 
may be partly attributable to the fact that the overall 
response levels of the two variables are very different, 


putting them on different scales on the graphs and making 
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the Direct Food appear more irregular through sampling 
errore It may be that a more sensitive analysis would 
detect simitarities of the two variables, or that their 
relations with each other or with other variables will bring 


out similarities. 


The graphs for the two water variables both fall very 
quickly over the first dozen lagse They also have peaks in 
the region of lags of 17 to 19 minutes and 25 to 26 minutese 
The hump in the graphs of the Water Pendulum at about 5 to 
15 minutes does not correspond to a similar feature of the 
Capacitance Watere At longer lags both are quite spiky and 
it is difficult to discern any particular similarities. It 
would eppear that this animal tended to have a drink, do 
something else and not drink (ieee a conditional 
probability less than the unconditional probability), have a 


second drink, and do something else againe 


The “activity" measures, the Wheel and Climber, both 
remain relatively flat from tags of a few minutes to about 
an houre They share this attribute with the Empty Bar, 
suggesting that this plateau may represent some common 
underlying component not found in any of the other 
variables. This could be an "activity" or "exploratory" 
componente It might be anticipated that such a component 
would show up es a broad but not very high plateau, as the 
animal tended to move around the cage engaging ina number 


of different activities instead of staying with any one for 
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very longe One might expect a general activity component to 
show up in a wide variety of different behaviours and, if 
this is such a component, it is interesting that it appears 
in only three measures. However, the food and water 
variables are of a special and related nature, while the 
Nest Box has such a strong tendency to recur at all lags up 
to several hours that the plateau may be masked rather than 
absente At lags of more than an hour the jaggedness of 
these three graphs makes it difficult to discern 


Similarities other than the 24-hour periodicity. 


The Direct Food and Water Pendulum graphs show a hump 
at about 5 to 15 minutes of tag which they do not share with 
any other variablese These are both the more effortful and 
less frequent of their respective pairse This is the only 
discernible feature that these graphs share with each other 
and not with most of the other variables. It is difficult 
to imegine what underlying component it might be that these 
two variables share only with each other and that increases 
the tendency to respond at legs of up to 15 minutes 
following a previous responsee Perhaps the cross-relations 


will shed some light on the probleme 


Cross-retations 


oO ese In the case of the auto-relations, each point 
represents the relation of a veriable to itself ata 


different lag and it makes no sense to "reverse" the lage 
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However, in the case of the cross-relations it makes sense 
to consider each variable both leading and lagging the 
othere Thus the graphs may be paired such that each pair 
involves the same pair of variables but differs in terms of 
which leads and which lagse In the case of the conditional 
probabilities these graphs vary around the unconditional 
probability of the lagging variable, and it is not 
meaningful to compare the members of each pair with respect 
to the strength of the relation at any given tage The 
standardization involved in calculating the correlations 
guarantees that the two graphs will occupy about the same 
range (cf. the symmetry of the matrices in Tables 2 and 3), 
and indeed that the lag-zero correlations of each pair of 
graphs are identicale It is therefore possible to "flip" 
one of each pair about the ordinate and make one graph with 
the lag of zero in the centre of the abscissa with both 
positive and negative lagse Figure 7 was produced in this 
waye It is of course arbitrary which graph is flipped as 


long es the appropriate lags bhecome negative. 


In the graphs of the auto-relations we expect a 
periodicity of period p to appear as a peak at lags py, 2p, 
etce, because each graph starts with a peak at lag zeroe In 
the graphs of the cross-relations, however, the first peak 
of a component with period p may occur at any tag tess than 
Pp, say lag k, and then reappear, unless it is masked by some 
other component, at lags nptk, for all n=1,2,3°eee. Thus a 


component with period 24 hours which first appears at lag 16 
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hours, as in the Nest Box following Capacitance Water 


(Figure 10), reappears at lags of 40 hours, 64 hours, etce 


If two graphs are combined into one as suggested above, 
one expects any periodicity to be continuous throughoute 
Thus if there is a component with period p in one of the 
original graphs, we expect it to occur throughout the 
combined graphe This means that if the first peak to the 
right cf the origin occurs at tag k, then there should also 
be a peak at tag -(p-k) in order for the periodicity to be 
maintained across the origine Additional peaks wiitt occur 
at ail legs -(np-k), for n=1,2,e*e°e, Figure 10 d) 
illustrates this nicely for a period of 24 hourse It will 
also be noted that, in order for the peaks to be of similar 
shape in the combined graph, the corresponding peaks must be 


mirror images of each other in the original graphnSse 


Particularse The first two graphs of Figure 7 represent the 
most typical form of crosscorrelation found in the results 
of this study, where the correlation is positive at 
relatively short lags on both sides of lag zero, but at very 
short lags drops quite sharplye The first graph, Food Bar 
leading Wheel, goes negative within a broad band of 
suppression mere than ten minutes wide. Both of the 
corresponding autocorrelations remain relatively high for a 
substantial number of lagse The second graph, Wheel leading 
Climber, goes only slightly below zero in a band of 


suppression only about two minutes widee As might be 
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expected, the autocorrelation of the Climber drops much more 


quickly than does that of the Food Bare 


The third graph of Figure 7, Water Pendulum leading 
Capacitance Water, shows the case where the correlation is 
negative at all relatively short lags and does not change 
appreciably very near lag zeroe Because both measures 
represent drinking and can presumably be substituted for 
each other, it is not surprising that they are negatively 
correlated at all relatively short lags since we have 
already seen from the autocorrelations that the animal 
tended to drink for a while and then not drink again for a 


few minutese 


The fourth graph, Food Bar teading Direct Food, 
presents a somewhat ambiguous cases The smoothness of the 
trough near lag zero fits well with the general rates of 
curvature in adjoining regions, suggesting that this trough 
may represent a relationship between underlying tendencies 
rather than a suppression effecte It will be noted that the 
trough is wider to the positive side cf zero than to the 
negative side, as would be anticipated of a suppression 
region where the leading variable has an autocorrelation 
which stays high longer than does that of the lagging 
variable, as is the case hereée It will be noted also that 
both of the measures represent eating behaviour just as both 
in the last graph represented drinking. The broad region of 


negative correlation found at short legs in that graph is 
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not present here, even though the two methods of obtaining 
food can be substituted for each othere The difference here 
presumably corresponds to the fact that the animal drank in 
discrete bouts with periods of zero probability of drinking 
in between, whereas she was fairly likely to eat at any 
relatively short lag after eating, as witnessed by the 
positive autocorrelations of the food measures at almost allt 


relatively short lags. 


The fifth graph of Figure 7, Food Bar teading Empty 
Bar, shows only a very slight drop near lag zero ina 
generally smooth crossing of the ordinatee This pattern is 
not typical ef many of the crosscorrelationse It will be 
neted that the autocorrelation of the Empty Bar drops very 
quickly from lag zeroe Further, it wes noted that the 
animal tended to press the Empty Bar when it was generally 
very ective and so likely to engage in a number of different 
behaviours in close temporal proximitye The Empty Bar is 
unique in that most of its responses seem to fit this 
general patterne Insofar as there is any suppression at all 
near lag zero, we would expect it to be predominantly to the 
right of lag zero, since the Food Bar had a substantial 
autocorrelatione A close examination of this graph 


indicates that this is the casee 
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The sixth graph of Figure 7, Direct Food leading Empty 
Bar, shows the exact opposite of the typical pattern 
exemplified by the first two: a sharp rise around lag zeroe 
This peak cannot be attributed solely to the peculiar 
character of the Empty Bar described above, since other 
graphs involving the Empty Bar, including that discussed 
above, do not show this peake It is clear that the 
tendencies of the Empty Bar and the Direct Food are high 
Simultaneously, and what is more, that the behaviours 
mutually facilitate each other at lags as short as ten 
secondse Even in this case there must be a suppression 
effect at sufficientiy short lags since at least three to 
four secends were required for the animal to get from one 
piece of apparatus to the other. A higher sampling 
frequency therefore would have resulted ina very steep drop 


at lags of less than four secondse 


None of the graphs of Figure 7 appears to be very close 
to symmetric about lag zero; nor does any on visual 
inspection appear to be entirely periodice There are 
probably components which are periodic and which are 
symmetric, but the graphs are too complex for these to be 
seen readilye Some of the crosscorrelations are simpler 
than these, particularly those involving the Nest Box which 
has a very smooth autocorrelation apparently involving only 
two components of very unequal magnitude. The 
crosscorrelations of the Nest Box with other variables tend 


to be clearly periodic but not symmetrice Figure 10 a) 
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shows the two graphs of Capacitance Water both leading and 
lagging Nest Box, superimposed, aligned along both axese 

The peaks and troughs occur at different lags in the two 
graphs. Figure 10 b) shows the two longer lag sections of 
the Nest Box leading Capacitance Water graph separated and 
individually superimposed over the Capacitance Water leading 
Nest Box graph so as to optimize the fite Note that the 
peaks and troughs of the two graphs are quite different in 
shapee Figure 10 c) presents the same sections of the Nest 
Box leading Capacitance Water graph in mirror image and 
Similarly aligned. The fit here is much bettere The first 
peak of the Nest Box leading graph occurs ata tag of about 
8 hours, white the first peak of the Capacitance Water 
leading graph occurs at a lag of about 16 hourse The sum of 
these lags is 24 hours (the lag between successive peaks in 
each of the graphs), indicating that the combined graph will 
be periodic across lag zeroe The combined graph is 


presented as Figure 10 d)e 


Although pairs of conditional probability graphs cannot 
be joined to make continuous graphs, they do have certain 
very attractive features. The full formula for the 
conditional probability of any one of a group of events 
following at a certain lag after any one of a second group, 
dces not encourage estimation for groups of more than two 
types of events. However, if the lag-zero probabilities of 
co-occurrence are approximately zero within both groups, the 


formulae simplify considerablye It is then necessary only 
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to sum the probabilities of each event in the later group 
following each event in the earlier group at that lage Thus 
the probability of drinking from either the Water Pendulum 
or the Capacitance Water at a lag of 10 minutes after eating 
from either the Food Bar or the Direct Food is approximately 
equal to a sum of only four numbers: 

Pio FB,WP )+ Pq o( DF, WP )+Py of FB,CW)+Py o( DF,CW)e It is also 
possible to answer questions such as: "what does the animal 
tend to do after x", where x may be a group of events, in 
terms of comparing the probabilities across variables or 
compound variables such as "eating". The sum of all these 
probabilities of mutually exclusive events at a given lag 
must be less than or equal to 1 under the restrictions 


imposede 


Figure & presents several of the conditional 
probability graphs of cross-relations for comparison with 


those of Figure 7. 


We have seen from the graphs of Direct Food with Empty 
Bar in Figures 7 and 8 that the tendency against 
"simultaneous" events of different types is by no means 
universal. The strength of this positive relation is 
difficult to perceive from the graphs. The lag-zero 
correlation of Direct Food and Empty Bar is about +0°e35. 
The lag-zero conditional probability of Empty Bar given 
Direct Food is greater than O04. This means that of 557 


ten-second intervals during which the animal ate from the 
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Direct Food, it also pressed the Empty Bar during about 225 
intervalse This is a very substantial number considering 
the low overall response rate on the Empty Bar and 
considering that the two pieces of apparatus were at 
opposite ends of the cagee if one were to make the 
admittedly unreasonable assumption of independent Bernoulli 
trials, the number of joint occurences of the two events 
should be approximately equal to the product of the sample 
size, the unconditional probability of the Direct Food and 
the unconditional probability of the Empty Bar or about 
207360 x e003 xX 004 = 24. The impossibility of truly 
Simultaneous events, together with the distance between the 
two pieces of apparatus, would tend to make this number even 
smallere The animal clearly had a fairly strong tendency to 
engage in these two behaviours in close temporal proximitye 
This tendency drops quite quickly with time, to about 44 


eccurences with an interval of 20 seconds in betweene 


It is clear from the graphs presented that the temporal 
patterning of the behaviour of the animal is both strong and 
complex, involving various periods other than 24 hours. Ex 
is also clear from the displacement of the peaks from one 
graph to another that even the 24-hour periodicities do not 
represent a simple 24-hour activity cycte: different 
behaviours peak reliably at different lags with respect to 
each othere This observation serves to confirm the same 


conclusion drawn from an examination of the "average" daye 
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Partial Correlationse The graphs of Figures 7 and 8 
demonstrate very complex patterning. It is clear that there 
are substantial regular components but how many and what 
they are like cannot be ascertained by mere inspection of 
the graphse Further analysis requires some form of 
decomposition. As discussed previously, one impediment to 
such a decomposition involves a suppression effect at short 
lagse This could be overcome, and studied as a phenomenon 
in its own right, if it were possible to interpolate the 
values of the cross-relations at short lagse Most common 
methods of interpolation witl not be applicable to this 
situatione One possible approach to the problem involves 
the calculation of the partial correlations mentioned in the 
Data Collection and Analysis sectione The partial 
correlations have the advantages that they are familiar to 
behavioural scientists and have well-known propertiese The 
calculations can be applied to the entirety of a series, 
rather than requiring an arbitrary choice of what will be 


considered "short" vs "Long" lagse 


As might be expected, when the simple correlations are 
negative at short lags, the corresponding partial 
correlations are more positive and the two series converge 
at Longer legs. How much more positive the partial 
correlation is, and how many lags are required for 


convergence, vary from graph to graphe The partial 
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correlations might be taken to represent more nearly the 
underlying tendency to engage in behaviours when the 
execution of one behaviour suppresses another. However, 
there are interpretive difficulties involved with any 
particular choice of "correction" for the correlations, and 
until further investigation it seems wise only to note that 


there are predictable differences in the resuiting graphs. 


This general pattern for the simple and partial 


correlations was quite typical but by no means universale A 


number of the partial correlations are essentially identical 
to the corresponding simple correlations from tag le As 
already stated, not all the simple correlations were 
negative at short lagse The correlation of the Empty Bar 
with previcus Direct Food begins about +0°e3 while the 
corresponding partial starts substantially negativee The 
correlaticn of the Empty Bar with subsequent Direct Food is 
also interesting: here both simple and partial correlations 
start positive and the partiel correlation becomes negative 
at lags of about 5 to 15 minutes white the simple 
correlation remains positive throughoute The correlations 
of the Nest Box followed by Direct Food, Water Pendulum, 
Wheel, Climber and Empty Bar all fit the general pattern 
above; however, in each case the simple correlation remains 
quite flat for lags up to at least 15 minutes, while each of 
the partial correlations varies quite a bit in the interval 


from lag 10 seconds to lag 15 minutes, being sometimes very 
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to the simple correlation and sometimes greater than 
There are also a few simple/partial correlation pairs 
differ substantially for short intervals at long lags 


15 minutes). 
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As is clear from the Introduction, this study does not 
follow from any particular Line of previous researche It is 
related indirectly to a number of other endeavourse Some 
time will be spent here in an effort to integrate this study 


with related worke 


Relationship to Other Research 


Although the rat has been widely used as a subject in 
psychological research, it has not been the subject of a 
great deal of researche It has most often been used as a4 
convenient subject with the hepe that the results obtained 
would generalize to other animals, especially mane Much of 
the early literature relevant to the rat is summarized by 
Barnett (1963). Some of this early work is relevant to the 


current study and is still worth reading. 


Wang (1923) found a very strong four-day pericdicity in 
the wheel-running of female albino ratse The periodicity 
corresponded to the independently assessed oestrous cyclee 
The results of the present study are somewhat ambiguous on 
this matter because the failure of a timer connected to the 
Wheel went unnoticed for several dayse Inspection of Figure 
1 suggests that there may be a four-day cycle but it is much 
weaker than that obtained by Wang, who found that the one 
day of maximum wheel-running out of four accounted for mcre 
revolutions than the total of the other three, typically 
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some thousands of revolutionse The autocorrelation of the 
Wheel in the present study does not show a peak at a lag of 
four days, not surprisingly with eight days! data missinge 
Wang's animals were kept in very small cages with ad Libe 
access to activity wheelse The fact that there was barely 
room to turn around in the cages probably accounts for the 


very large number of revolutions per daye 


Although wheel-running is the only behaviour studied by 
Weng, she draws conclusions concerning "spontaneous 
activity". If wheel-running were typical of spontaneous 
activity, one might expect to find a four-day periodicity in 
seme of the behaviours in the present study which do not 
suffer from incomplete data, especially the Climber and 
Empty Bar, both of which appear to be related to general 
activitye The daily totals for the Climber are competible 
with the idea of a tendency to a periodicity of about four 
days: the same days which are high for the Wheel tend to be 
high for the Climber, but hardly strikingly so. The 
autocorrelation of the Climber at a lag of about four days 
is somewhat higher than at other multiples of 24 hours, but 
again not strikingly soe All other variables, including the 
Empty Bar, show no tendency to a corresponding four-day 
cycle in either the daily totals or the lagged correlationse 
If there is any four-day periodicity in the present results, 
it could hardly be considered to be in general "spontaneous 


activity". 
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Richter (1927) reviews a number of studies related to 
periodicity conducted in his laboratory. He reports that 
rats allowed to feed ad libe show a three to four hour 
cycle in eating and that the maximum probability of eating 
coincides with the maximum levels of general activity as 
measured by vibration of the animal's cagee Richter used a 
small, bare living cage with an independently suspended 
eating compartmente The autocorrelation of the Food Bar in 
the present study dees show a peak from about four to five 
hours of lag, but this peak is not large and does not recur 
at about nine hours as one would expect from Richter's claim 
that the pattern is pericdic.e In fact, the peak in the 
present study looks more like the last of a series spaced 
about an hour aparte The autocorrelation of Direct Food 
shows a clear peak centred at a lag of about 70 minutes but 
nothing significant in the range of three to five hourse 
The correlation of Food Bar with Wheel is high at relatively 
short lags, as we have seen, corresponding to Richter's 
finding that eating coincides with maximum general activitye 
The other corretations of food measures with activity 
measures are less clear in their relation to Richter's 


contentione 


Siegel (1961) measured the food intake each hour 
throughout the day of albino rats allowed to feed ad Libe 
and kept on a natural light/dark cyclee He found that food 
intake peaked about 8:00 peme and again about 3:00 aeme, 


the peaks not being different otherwisee His graphs do not 
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correspond to the “average" day results for either of the 
animals in the present studye As in the other studies 
reviewed above, Siegel's animals were kept in quite small 


cages without much variety of apparatus available. 


The ebove studies all housed albino rats indoors 
individually in small cages, although they were somewhat 
more naturalistic than many others in that the animals were 
kept on a natural 24-hour light/dark cyclee Calhoun (1963) 
represents a much more naturalistic approache He kept a 
colony of wild-caught rats and their offspring in a large 
eutdoor pene Most of his results are not applicable to the 
present study; however, he reports a general two-peaked 24- 
hour activity cycle, with the first, more concentrated peak 
just after sunset, and the second, more diffuse peak just 
before sunriseée These resutts do not correspond with the 
Naverage" day of either animal in the present study, or with 
Siegel's results cited abovee Calhoun was observing the 
aggregate activity of several animals interacting with each 
other, and these or other differences in methodology may 


account for the different resultse 


Kavanau (1963) made a significant advance in 
continuous, automatic recording of a number of activities of 
a captive enimale He kept white-footed deer mice in cages 
equipped with numerous relays, etce connected to counters 
and event recorderse His recording apparatus seems somewhat 


primitive compared to state-of-the-art 15 years later - 
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digital electronics and machine-readable records - but it 
was quite an advance over sitting and watching the animal 
for hours or being restricted to very few behaviours, such 
as bar-pressinge The elimination grid used in the present 
study was an elaboration of cone reported by Kavanaue His 
animals faced highly structured contingencies for gaining 
access to food, nest box, etce He typically kept animats on 
any particular contingency schedule for only a few days out 
of a periocd of less than a month in the experimental 
enclosureée Under these conditions, it is unlikely that they 
established stable temporal patterning and Kavanau'!s 
analyses would not have done much to elucidate such 


patterning if it was theree 


With the exception of Calhoun's study, the present 
study could be seen as extending a trend toward increased 
automation in data collection, increased sophistication in 
the analysis of results, and increased freedom and 
complexity in the animal's environmente Calhoun's study is 
in a somewhat different tradition, though it can be compared 


to the others in more ways than warrant mention herée 


Further Analysis 


We have seen that the temporal patterning of the 
behaviour of a rat is quite complex, more so than had been 
anticipated. This complexity makes it very difficult to 


extract much information from a visual inspection of lagged 
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correlation and conditional probability functionse There is 
a need for analytical tools which will decompose these 
complex functions into simpler constituents in some fairly 
netural way, much the way the analysis of variance allows us 
to decompose the variance of a measure into parts 
attributable to various “independent variables", In this 
case there are no independent variables in the same sense as 
in the anatysis of variance, and there are several 
"dependent variables", This situation therefore corresponds 
more closely to that of factor analysis than to that of the 


analysis of variancee 


It would seem desirable to be able to decompose the 
results of this study into "simple" pericdic, cyclic, and 
aperiodic componentsSe One way to begin this process would 
be to estimate a periodic function which contained all the 
periodic components of the original function and then 
subtract this periodic function from the original to obtain 
a function with only cyclic and aperiodic componentse If 
the cyclic components of this function can be estimated, 


subtraction will yield the aperiodic componentse 


How to perform this decomposition in the general case 
is a major probleme However, an inspection of the results 
of the present study indicates that there are 
characteristics which may simplify the taske At long lags, 
say 24 hours or more, it appears that most of the 


variability is periodice Lags of 24 hours to eight days can 
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therefore be used to estimate a periodic function which can 
then be used to interpolate values at shorter lagse One 
approach to this estimation would involve averaging the 
successive values 24 hours apart and substituting the 
averages for the appropriate lags near zeroe This procedure 
is simple and straightforward but implies some assumptions 
which may not hold. It assumes that all the periodicities 
present go through a whole number of periods in 24 hourse 
Any period greater than 24 hours will add only error, as 
will any period shorter than 24 hours which does not fit 
exactly once, twice, eee, n times into 24 hourse It would 
be possible to repeat this procedure for periods other than 
24 hours which were assumed to be present in the datae This 
procedure would likely work quite well for some of the 
lagged relations found in this study; however, others may be 


toc complex for such a method. 


The above procedure can be generalized quite nicely by 
taking the Fourier transform of the correlation (or 
conditional probability) functione The Fourier transform 
takes a function in the time (lag) domain into the frequency 
doma ine The original function need not be periodic and 
there is no toss of information: the transformation can be 
inverted to yield the original functione If a smooth 
periodic function is transformed, the resulting "spectrum" 
generally will not be smooth but rather will have sharp 
peaks at frequencies corresponding to the periods of the 


original functione This spectrum could then be used to 
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indicate which periods should be used for the procedure 
outlined in the previous paragraph. The Fourier transform 
can also be used directly to generate values for 


interpolatione 


It will be noted that the Fourier transform is not only 
useful for purposes of interpolation; it can be used to 
yield a decomposition of a periodic function into components 
ef various frequencies, together with the magnitude 
associated with each frequency. The Fourier transformation 
can yield more than the magnitude associated with various 
frequenciese When two variables are analyzed jointly, the 
information evailable includes the frequency composition of 
each, the phase (lag) relationship at each frequency, and 
the strength of association at each frequencye Precedures 
yielding this information are generally referred to as 


Spectral Analysise 


As indicated previously, the Fourier transform cf an 
aperiodic function exists and contains all the information 
ef the original functione Aperiodic components wilt be 
transformed into several (perhaps many) periodic components 
which when combined cancel each other so as to recreate the 
aperiodic componente When only the periodic components of a 
mixed function are desired, all the frequencies which are 
required under the transformation to make up the aperiodic 
component can be considered as spurious to the true periodic 


componentse Under the Fourier transformation, non-periodic 
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cyclic components will also generate frequencies which do 
not correspond to their period, but rather go to make up the 
difference between the actual cyclic function and the 
periodic function having the same periode These and other 
estimation problems make Spectral Analysis a somewhat touchy 
businesse It is probably worth the effort to apply these 
techniques te behavioural data, but the special complexities 
mean that it will be necessary to gain some experience with 
the techniques before much confidence can be placed in the 
resultse Long series of observations, such as those 
obtained in the present study, would seem highly advisable 


for initial attempts at such analysise 


There are other ways to decompose the observed 
relationse One of these, as we have seen, invoives the 
calculation of partial correlations in order to "remove" the 
effects of the autocorrelationse There are other possible 
forms of partial correlation which might yield worthwhile 
informatione It would also be possible to perform a 


Spectral Analysis of the partial correlations. 


Another way to "remove" certain effects caused by the 
tendency to repeat the same behaviour would be to calculate 
"transition" variables from the raw datae The transition 
veriable takes the value 1 only if the behaviour occurs in 
the current interval and did not occur in the previous 
intervale Analysis of such variables would indicate only 


the relations with respect to when the animal began various 
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activities, and would yield simpler relations with generally 
higher, narrower peaks in the lagged correlations and 
conditional probabilities. The lag zerec autocorrelation 
will always be 1°0 as in the original analysis, while the 
lag one autocorrelation will always fall to the minimum 
value possible given the total number of occurrences on the 
transformed data variable. Any analysis performed on the 
raw data could also be performed on these transition 


veriablese 


Conc lusion 


This study is not really a complete entity, but not 
Simply because the data require further analysis and there 
are some missing data resulting from unreliable apparatuse 
The approach taken here is quite unconventional in terms of 
its philosophy of science, its methodology and its analysise 
This study is most appropriately viewed as a very 
preliminary attempt to head in a somewhat different 
direction from mainstream Psychology: as a kind of pilot 


study for a new paradigme 


The context of this study included a commitment to an 
inductive method rather than an a priori, deductive model - 
a commitment to "give the data precedence" - and a 
preference for studying the ongoing behaviour of an animal 
in a familiar environment with a reasonable variety of 


activities availtlablee Within this context, the aim was to 
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use the information available in multiple time series to 
provide: 

1) a means of describing the behaviour of the animal in 
relatively compact terms - both a simple distribution of 
types of activity over time (the daily totals and the 
“average" day) and also the sequential patterning of various 
activities related to each other (the lagged correlations 
and conditional probabilities )e 

2) some means of making inferences to underlying 
constructs which could then be elaborated and tested. 

In contrast both to traditional views and also to the 
current social science fashion of positing causal models and 
then fitting them by such procedures as path analysis, it 
wes suggested that the asymmetry of lag in time series 
analyses might allow inference to asymmetric influence 
relationships (or "causes) from the data, without specific 


prior modeltlse 


It comes as no surprise that this study falls somewhat 
short of attaining these ambitious aimse The results do, 
however, serve to confirm that there is a great deal of 
regularity which can be uncovered by time series analysis, 
but the regularities are found to be very complex even in 
the case of the deliberately-chosen "simple" variables 
included in this study. It does not seem terribly rash to 
suggest that the effort required to develop this approach 
further has a high probability of substantial payoff. The 


propensity of social scientists to speak in terms of causes, 
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coupled with the inability of most of their methods of 
analysis to ascribe cause, suggests that the analysis of 
easymmetric, apericdic, tagged relations might prove 


perticularly fruitful. 
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TABLE 1 


Total Number of Responses and Average Number of Responses 
per Day for Each Variable and Each Animal 


a ee aE ee er te 

{ i ( 
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Figure 9. Conditional probability of Wheel following Wheel 
at lags of four hours to forty-eight hours with 


sketch of principal frequency components. 
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